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SUMMARY 
Fast-neutron radiography is a virtually undeveloped method of 
obtaining Visual Images of the internal characteristics of thick ma-
terials. The usefulness of the technique will depend on the informational 
content and the quality of the visible image. In this research, these 
factors were examined theoretically for biomedical applications. 
Various system components were discussed and judgments were made 
as to their suitability for radiographic applications. Each component of 
a radiographic system (radiation source, collimator, and imaging device), 
together with the object to be radiographed, affects the image-forming 
quality in a manner that can be quantitatively described using modulation 
transfer functions. These mathematical functions indicate the percent 
amplitude response as a function of spatial frequency. 
Monte Carlo calculational techniques were used to predict the 
PS? 
behavior of fast neutrons from the two most promising sources: l) Cf, 
and 2) the D-T reaction in a small accelerator. The interaction of neu-
trons from these sources with biological tissue and with system components 
was studied. 
The validity of the use of modulation transfer functions for 
examining image-forming quality was established and the mathematical pro-
cedures used in the generation of these functions was explained. The 
modulation transfer functions provide a quantitative measure of the reduc-
tion in image-forming quality caused by finite source size, scattering in 
biological tissue, and multiple detection in the imaging device. 
Xll 
Dosimetry calculations were made for both types of neutron sources 
for both broad-beam and narrow-beam geometries. Isodose contours were 
presented for a right elliptical phantom of Standard man composition 
tissue and for a phantom based on a realistic model of a human ehest 
containing muscle, heart, lung, and bone tissues. The significance of 
these contours was evaluated in relation to neutron radiography, and the 
implications for the application of this type of calculation to neutron 





For many years radiography has played an important role in 
scientific, medical, and industrial fields. Diagnostic roentgenology 
is the most common and, generally, the most useful type of radiography, 
but beams of gamma, charged-particle, and thermal-neutron radiation are 
being used in complementary techniques for the extraction of Informa-
tion that is unavailable in attenuated X-ray beams. The characteris-
tics of the images carried by radiation beams after penetration of an 
object depend on the mechanisms of interaction of the radiations with 
the object* These mechanisms differ greatly among the various radia-
tion beams. A particular type of radiographic examination can be useful 
only if the technique results in images of sufficient clarity. 
This investigation examines the image-forming quality that could 
be achieved by fast-neutron radiography of biological objects and deter-
mines the relative importance of scattered neutrons, geometric unsharp-
ness, and detector characterlstics on the quality of the image. A study 
is also made of the pattern of dose distribution in various biological 
Phantoms so that dose limitations of fast-neutron exposure of living 




Radiography is the production of a visible image in the three-
step process of: l) the generation of an appropriate beam of radiation, 
2) the formation of a beam image defined by nonuniformities in the 
physical characteristics of the beam after penetration of an object, 
and 3) the transformation of the beam. image into a visible image. 
Radiography Using Photons and Charged Particles. All forms of 
radiography have the common purpose of visualizing some internal charac-
teristic of an object, and it isuseful to review the development of 
this technology. Roentgenographic Images are formed when X-rays inter-
act with electrons in the objecto Therefore, X-ray images indicate 
differences in electron density» The usefulness of this type of radiog-
raphy was quickly recognized by Röntgen, and many of the basic tech-
niques for both medical and industrial applications were developed by 
him and his scientific contemporaries in the late 1890's and early 
1900's [1,2,3^]. 
Other forms of radiography serve generally as complementary pro-
cedures which are more useful in specialized situations such as the 
visualization of characteristics in materials that are opaque or homo-
geneous to X-rays, or where a high photon background would destroy the 
X-ray image on the Photographie film_, or whenever an objeet must be . 
examined that requires the location of a radiation source in a position 
that is inaccessible to an X-ray tube. 
Isotopic radiography using radium sources was also attempted [5*6] 
when the similarity between X-rays and gamma rays was recognized. How-
3 
ever, isotopic radiography was not very practical until reactor-produced 
radioisotopes beeame plentiful. Isotopic sources have several advant-
ages for radiographic applications. These are: l) small physical size, 
2) greater penetrability of the gamma-ray beam than is possible using 
conventional X-ray units, 3) smaller cost than X-ray units, and k) inde-
pendence from sources of electrical power and water. The disadva.ntages 
are: l) generally lower intensity than conventional X-ray units, 2) 
Short half-life and frequent replacement time, and 3) shielding and 
storage requirements when not in use. Generally, isotopic radiography 
is most useful for industrial applications but is also useful medically, 
especially in portable units. Russell [ 7] demonstrated that radiographs 
comparable to those from conventional X-ray sources can be produced 
using a portable isotopic unit weighing only a few pounds and employing 
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a ^Cd source of 70-mCi activity electro-deposited on the end of a two-
millimeter diameter platinum rod. 
Radiographic images also can be formed using beams of charged 
particles. Electron microscopy is the most common example, and an 
instrument of high quality can resolve dimensions as small as four to 
five angstroms (within a factor of two to four of the theoretical 
limit [8]'). Another type of electron radiography produces an image on 
Photographie film as a result of the photoelectrons ejeeted from the 
surface of the objeet by x-radiation from tubes operating at 100 to 
200 kV [ 9]. 
Proton radiography is useful in specific applications where a 
very high contrast is required over a small ränge of thickness vâ îa-
tion. Even though this is an extremely sensitive method, it is of 
k 
limited utility because the proton beam must be produced by a high-energy 
accelerator. The basic techniques are described in the reoent work by 
Koehler [ 10] at Harvard and Bell [ 11] at Harwell. Bell showed that area 
density fluctuations as small as two to three parts in 105 could be de-
tected over an area of 0.5 HKQ. diameter using a cyclotron beam of 1V7—MeV 
protons. This sensitiv!ty is two orders of magnitude better than Stand-
ard methods based on the transmission of radiation from isotopes or 
X-ray units [11].. The same technique could be used with alpha pa.rticles, 
but no advantages over proton radiography are foreseen. 
Neutron Radiography. To a first approximation, the primäry 
difference between radiography with photons or charged particles and 
neutron radiography is that photon and charged-particle beams are modu-
lated by differences in electron density while neutron beams are modu-
lated by differences in the specific nuclide density. At thermal energies 
the total cross sections for different nuclides ränge over more than six 
orders of magnitude. Therefore, it is physically possible to contrast 
very small amounts of nuclides having high cross sections in the pre-
sence of large amounts of nuclides having low cross sections. 
Kalimann [ 12] initiated the method of thermal-neutron radiography 
and summarized the most useful principles of detection. Peter [13] also 
contributed to the early development using a moderated, accelerator 
source of neutron. Thewlis [ ik] extended the technology and showed that 
adequate beams of thermal neutrons were available from existing nuclear 
reactors.. Despite these advances, an active inter-est in neutron radi-
ography did not develop until the early 1960's with the work of Ber-
ger [ 15], Watts [16], Radwan and Sikorska [17], and Greenfield and 
5 
Koontz [l8]. With this new impetus, the technology began to expand ra-
pidly and is currently a very useful tool, particularly for the indus-
trial inspection of plastics and organic materials shielded by metal 
for which x-radiography would be limited and where the high neutron 
interaction with hydrogen offers a particular advantage, The reader 
who is interested in this technique is referred to the summary on the 
subject by Berger [ 19]• Atkins [20] and recently Brown and Parks [21] 
and Brown et al. [22] have demohstrated^the potential of thermal--neutron 
radiography in the field of medical research. Thermal neutrons inter-
act more strongly with hydrogen than any other element in biological 
materials, and therefore Images produced with this method indicate 
variations in hydrogen density of the various tissues» The most sig-
nificant limitation of this application for thermal neutrons is the 
short mean free path which prevents the radiographic examination of 
tissue with thicknesses over several centimeters» 
Neutron beams having energies other than thermal have been used 
in radiography, but these techniques have been of limited usefulness 
due to one or more of the following factors: l) difficulty in obtain-
ing a neutron beam of sufficient intensity, 2) limitations due to the 
physics of the neutron interaction with the object, or 3) lack of a 
suitable image Converter. Most of the effort in this area has been due 
to Barton's use of both epithermal and cold neutrons. He demonstrated 
the essential characteristics of epithermal—neutron radiography using 
1..4-eV neutrons obtained by diffracting a collimated neutron beam from 
a nuclear reactor with a large aluminum crystal. This energy was se-
lected because it corresponds to a large resonance peak in indium which 
6 
was used as an Image Converter [23]. A comparison of this technique 
with thermal-neutron radiography indicated the following advantages: 
1) increased penetration due to lower cross sections for most elements, 
2) very high contrast for certain nuclides at their resonance energies, 
3) the reversal of the order of attenuation between some pairs of ele-
ments at epithermal energies compared with thermal energy, k) possi-
bility of Identification of elements having resonance structure by ob-
serving their opacity as a function of energy, 5) high selectivity of 
Image Converter foils when the energy of the neutron beam is tuned to a 
resonance frequ.enc.y_, 6) enhanced quality of the radiograph due to reduc-
tion in the contamination of the beam by neutrons of other energies and 
by gamma rays. Spowart [ 2k] has confirmed the advantages of epicadmium 
neutrons for radiography of materials having high thermal cross sections 
such as uranium-235 and plutonium. 
Barton [ 25] also demonstrated the technique of radiography with 
cold neutrons having energies below 0„005 eV. These neutrons were ob-
tained by filtration of a reactor beam using beryllium with bismuth as 
a gamma shield. This work demonstrated that: l) increased contrast is 
obtained for hydrogen and many other elements, 2) the penetration for 
iron is increased due to the sharp drop in cross seetion below 0.005 eV, 
3) the interference of scattered neutrons is reduced to negligible pro-
portions, and k) thicknesses less than 0.05 inch of hydrogenous material 
can be resolved through up to four inches of mild steel. 
Relatively little radiography has been attempted using fast 
neutrons due partly to the necessity of an appreciable investment of 
effort in development before useful results could be obtained, and also 
7 
to indications that fast neutrons would not be useful for differentia-
tion between elements beeause of the small variations of total cross 
section. Kalltnann [ 12] made the f irst fast̂ -neutron radiographs in the 
late 1930's using a neutron generator as a souree and using a layer of 
paraffin and scintillator adjacent to a Photographie film as a detector. 
The next experimental work was reported in 1961 by Criscuolo and Po-
lansky [ 26] on the applicability of 1^-MeV neutrons for the radiography 
of large masses of material. Exposures were made of copper, iron, lead, 
aluminum, paraffin, and masonite using Patterson Type D fluorescent 
screens and Kodak Type KK X-ray film with one half inch of lead as an 
X-ray filter. 
Anderson et al. [27] reported on the response of X-ray film used 
for the radiography of two human subjeets with lU-MeV neutrons. Although 
certain anatomical features eould be distinguished when ZnS or Fluorazure 
screens were used with the film,, no attempt was made to determine what 
portion of the observed. response was due to primary neutrons and what 
was due to scattered neutrons and photons. 
Tochilin [28] analyzed the feasibility of using Photographie film 
for the detection of fast neutrons and discussed the limitations and 
difficulties of fast-neutron radiography in general« A series of radio-
graphs was made of cylinders of plastic, AI, Cu_, and Pb having holes 
of varying diameters and depths* Fast neutrons were obtained from the 
interaction of cyclotron-produced protons or deuterons with a thick Be 
target. Exposures were made using Kodak Type K and DuPont Type 502 
film both with and without plastic scintillator screens for intensifi-
cation and with varying thicknesses of lead absorbers in front of the 
8 
test objects. It was concluded that the buildup of scattered neutrons 
and gamma rays would prevent successful radiography of material thicker 
than a few inches if a film-screen technique were employed» In order 
to eliminate gamma-ray interference and to minimize the effects of 
scattered neutrons, a transfer technique was tried using the threshold 
op op 
reaction S(n^p) Po This method was successful but was considered 
impractical due to the exc.es sively high exposures required. Organic 
scintillators were judged to offer the best promise as intensifying 
screens. 
Wood [29].s using a neutron generator (D-T reaction), found that 
organic scintillators and copper transfer foils did not give adequate 
sensitivity with Photographie film. The best results were obtained 
with a Radelin TI-2 screen and Kodak Royal Blue film. It was further 
concluded that the reSolution was limited more by proton reeoils in 
the emulsion and by small-angle scattering of neutrons in the objeets 
than by geometric unsharpness or screen resolution-
Fast"Neutron Technology 
The current researeh is motivated. by an interest in studying the 
feasibility of using fast-neutrons for the radiographic diagnosis of 
human disease. It has been shown by Parks et al.[30] that low-density 
tissues shielded by bone,, difficult to visualize with X-rays, can be 
contrasted to some extent with fast neutrons» Radiography with fast 
neutrons also could prove useful because the long mean free path (~ 10 
cm at ik MeV) of fast neutrons in biological media allows the examina-
tion of thick samples. 
There is currently an active interest in the use of fast neutrons 
9 
for Cancer therapy [ 31]• Many of the technical developments of fast-
neutron radiography such as improvements in beam definition, shielding, 
dosimetry, and adequate source strength are applicable to the tech-
nology of fast-neutron therapy. The calculations presented in Chapter 
V for the dose of both broad and narrow beams of fast neutrons are 
particularly germane to therapy. It should be noted that the tech-
niques used in these calculations can be extended to particular geom-
etries characteristic of specific therapeutic applications. 
Plan of Attack 
Possible components for a fast-neutron radiography System are 
reviewed from the Standpoint of their suitability for medical diagnostic 
purposes. Various sources are examined against the criteria of neutron 
energy distribution, cost^ availability, source strength, and beam con-
tamination. Collimation and shielding techniques are reviewed and de-
tector Systems are examined for efficiency and background discrimination« 
The evaluation of the image-forming quality of radiographic Sys-
tems through the use of modulation transfer functions is explained, and 
the equations for this technique are derived. 
Monte Carlo calculational techniques are discussed as they apply 
to estimates of fast-neutron radiographic Performance. The validity of 
the calculational approach is established for predicting neutron pene-
tration and dosimetry, and procedures are developed for calculating 
detector response, line-spread functions, modulation transfer functions, 
and dosimetry. Calculations are evaluated and compared with experi-
mental results where these are available. 
10 
CHAPTER II 
REVIEW OF SYSTEM COMPONENTS 
Sources of Fast Neutrons 
Many different sources of fast neutrons are available [19,32, 
3'3j3̂ >35>36] ; they may be generally classed as isotopic, accelerator, 
or reactor sources. 
Isotopic Sources 
Neutrons from these sources are produced by the reactions (a,n), 
(Y>n), and spontaneous fission, but photoneutron sources can be elimi-
nated from consideration immediately because these sources do not pro-
duce neutrons having energies as great as one MeV [35]• (The most 
12 h 
common type Sb-Be emi.ts neutrons of 2k ± 3 keV.) Sources of the 
(a,.n) type are intimate mixtures of an alpha emitter and beryllium 
metal powder.. High-yield sources of this type are impractical because 
of their gamma-ray emission, heat emission, volume, half-life, or cost. 
Gamma-ray backgrounds from these sources ränge from 6000 mR/hr at one 
s / 226 / a 
meter per 10 n/sec for Ra-Be to four mR/hr at one meter per 10 
210 
n/sec for Po-Be [32]. 
Californium-252 is an intense spontaneous-fission neutron source 
whose emission rate is 300 times greater than any other isotopic source 
currently available [ 36]• Figure 1 shows a comparison of the energy 
pcp PQ1^ 
distribution of neutrons from the fission of Cf and U [37]• The 
252 
average energy of the Cf neutrons is 2.3 MeV, which is slightly higher 
11 
1 — 
235U N(E) = 0.453 exp(-l.O^E) sinh(2.29E)1^ 
252Cf N(E) = 0.373 exp(-0.88E) sinh^.OE)1'2 
6 ' ö 10 
Energy (MeV) 
14 
Figure 1. Energy DistriTDiitions of Neutrons from Fission 
of 235U and 25£Cf 
12 
than the average for U of 2o0 MeV. Californium-252 has a high spe-
cific yield of 2.3̂ - X 1012 n/sec-gm, and the half-life of 2.65 years is 
reasonably long» Several advantages of this source make it particularly 
promising for applications in both fast and thermal-neutron radiography« 
No additional target material is required, which reduces both the fab-
rica-tion cost and the volume of the source. It is technically feasible 
252 
to produce Cf sources having high yields but occupying very snall 
aetive volumes. Table 1 provides a comparison of the yield, cost, half-
life, gamma dose rate, heat generation, and probable volume of the vari-
ous isotopic neutron sources <> 
Accelerator Sources 
Either positive ions or electrons may be accelerated to produce 
neutrons through the (d,n), (p,n), (a,n), or (Y^n) reactionso The most 
common reaction and the most useful for fast-neutron radiography is the 
H(d,n) He reaction because: l) it has a high cross section and there-
fore a high yield per deuteron ion, 2) a relatively inexpensive acceler-
ator can be employed because the minimum required deuteron energy is 
about 1̂ 0 keV (yields of between 1010 and. 1011 n/sec are obtained from 
machines that cost less than $30,000 when fully operational), 3) neutrons 
are produced that are nearly monoenergetic and are emitted nearly iso-
tropically. Figure 2 shows the energy of neutrons calculated from the 
nonrelativistic Q, equation as a function of angle for 200 and ta) keV 
deuterons bombarding an infinitely thin target» 
Tritium targets are usually fabricated by diffusing tritium gas 
into a titanium film that has been vacuum evaporated onto a thin copper 
disc. Because deuterons of a few hundred keV penetrate only about one 
Table 1. A Comparison of Fast-Neutron Sources 
Source Type H a l f - L i .fe Avg^* Y i e l d Cost ($) Gamma Dose Heat Approx. 
Ene rgy 
5 x 1 0 1 0 
Rate 
( r a d s / h r @ 
1 m p e r 
5 X 1 0 1 0 
G e n e r a t i o n Volume 
(MeV) n / s e c - C i n / s e c n / s e c ) ( w a t t s ) (cm3) 
2 5 2 C f S . F . 2 . 6 5 y 2 . 3 k.k X 10
9 10, 7 0 0 b 2 . 9 0 . 8 1 
2 2 6 R a - B e a , n 1620 y 3 .6 1.5 X 10
7 3000° 
2^2 
Cm-Be <x,n 163 d 1+.0 1+.0 X 10
S 1 0 , 0 0 0 0 . 3 600 2 
2>^ 
Cm-Be e*,n 1 8 . 1 y ' loO 3-0 X 10
6 2 8 0 , 0 0 0 0 . 2 600 70 
2 38pu-Be a , n 89 y »+.0 2 . 8 X 10
S 310 ,000 O.k 550 350 
2 1 0 P o - B e Of,n 138 d h-3 2 . 5 X 10
6 2 0 , 0 0 0 2 . 0 6U0 200 
2^1 
Am-Be a , n ^58 y k.o 2 . 0 X 10
S l , 5 0 0 , 0 0 0 d 2 . 5 750 2 2 , 0 0 0 
2 3 9 P u - B e or,n 2k, *K)0 y h.5 2 . 0 x 10
6 
85° 
R e i n i g [ 36] 
Seabo rg [ 38' 1 
CCorompt [32 ; 1 
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Figure 2. Energy of Neutrons Produced in the D-T Reaction 
as a Function of Emission Angle 
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mieron into the tItanium, the target is infinitely thick and neutrons 
emitted at a given angle have all possible energies from the calculated 
thin-target energy to the threshold energy of lU.l MeV. For a deuteron 
energy of hOO keV the neutrons emitted in the forward direction will 
have energies between 1̂ .1 MeV and 15»7 MeV-
The disadvantage of this type of neutron source involves target 
cooling and target lifetime. Higher yields cannot be obtained with the 
type of targets that are generally available because of: l) the high 
rate of heat generation in the target, and 2) the related outgassing and 
sputtering with the high ion currents. Recent progress [39] in target 
design make yields in the order of 10 2 n/sec possible with target 
lifetimes in the order of hundreds of hours instead of the several 
hours generally obtainable at present. Some of the techniques under 
development are: l) the rotating annulus target analogous to X-ray 
tubes, 2) sealed accelerator tubes containing a mixture of deuterium 
and tritium gases, 3) the mixed-beam approach with unsealed tubes, and 
k) the neutron-gun approach based on a plasma of D + T gas that results 
in a pulsed source„ Greene and Thomas [ *+0] have reported the use of a 
sealed tube containing a D + T gas mixture which is replenished by heat-
ing the hydride of the gas in a reeharging unit built into the tube. 
A layer of erbium containing a chemically bound D + T mixture is the 
target. Several of these tubes which are being developed by the 
Services Electronic Research Laboratory (England) have been operated 
in excess of 100 hours at an Output of approximately 1010 neutrons per 
second. 
p o 
Another exoergic reaction H(d,n) He with a Q-value of 3-266 MeV 
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may be employed with the same equipment necessary for the D-T reetction. 
This reaction is useful for producing neutrons in the 2.6-MeV ränge, 
but the yield for deuteron energies up to 500 keV is more than a factor 
of 10 lower than the D-T reaction and, hence, may be of marginal inten-
sity for radiography purposes<> Other accelerator neutrons may be ob-
•7 <~7 O O 
tained from the Li(p,n)'Be or ~̂ H(p,n) He positive ion reactions or the 
Be(y^n) Be and H(Ŷ n)~TI reactions resulting from electron bombardment 
and subsequent bremsStrahlung production in the target« These reactions 
require the more expensive high-energy machines and, hence, are of 
limited utility for radiography« 
Reactor Sources 
Reactors are the most prolific sources of neutrons that ca.n be 
used for radiography. While they have the common disadvantages with 
high-energy accelerators of high initial cost, large operating expense, 
and immobility, reactors have the advantage of being usable for radi-
ography with little interference with concurrent experiments, 
Two possibilities exist for the development of a fast-neutron 
radiography facility at a reactor: l) a fast-flux beam tube which views 
a fuel element in the core with few moderating materials intervening, 
and 2) a small fission Converter plate which can be introduced into a 
thermal beam. The fission mean free path for U is about O.36 mm> 
and thus, a uranium plate between one and two-mm thick would convert 
essentially all the thermal neutrons that strike it. Therefore, the 
maximum fast-neutron yield that could be obtained would be the product 
of the plate area, the thermal flux density, and the conversion factor 
of 2.5 n/fission for U. Because the yield is directly proportional 
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to the plate area, the maximum yield is obtained by using the largest 
plate the facility will accommodate. However, this approach to the 
problem of obtaining adequate source intensity is untenable from radio-
graphic considerations. Not only must the source intensity be high in 
order that the time of exposure can be Short,, but the total unsharpness 
of the radiographic System must be low enough so that the image defini-
tion will be adequate. 
. Unsharpness is the smearing of the image which means the extent 
to which sharp boundaries in the object do not appear sharp in the image. 
All parts of the System contribute to the observed unsharpness, but 
geometric unsharpness} the reduction in contrast generated by geometric 
beam problems, tends to predominate. 
Geometric unsharpness or penumbra U is caused by finite source 
dimensions. Its exact form depends on the shape of the source and its 
differential emission rate. Geometric unsharpness is so named because 
of the optical analogy of shadow formation. If a large object is inter-
posed between a radiation source of finite size and a detector plane, 
the image will be formed by: 1) a "black" area where all parts of the 
source are obstructed by the objecto 2) a "light" area where no part 
of the source is obstructed by the object? and 3) by the boundary between 
the "black" and "light" areas. Geometric unsharpness is usually reported 
as the width of the "gray" boundary* The same type of unsharpness will 
be seen for the visualization of inclusions within the large object. 
A point in the object is imaged as an area whose maximum dimension is 
the value of the geometric unsharpness. In order to image certain fea-
tures of an object, a design restriction can be placed on the unsharpness 
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prior to the development of the faeility. If the geometric unsharpness 
IL-, for the reactor converter-plate facility illustrated in Figure 3 is 
judged to be acceptable^ then any Converter plate that fits within the 
cone above the object wi.ll give acceptable values of geometric unsharp-
ness. If Converter plate (l) has an area of 
e^ 
A, = Jl'(*, tan f- ) (2.1) 
and a total fast-neutron yield of KAa where K is 2»5 times the thermal 
flux density at the position of the plate, then the neutrons which con-
tribute to imaging the objeet poixt will be 
N = _ K 4 _ = K *«"*»*• (2„2) 
^TTXf *T~ 
If a larger Converter plate (2) having an area of 
A2 = ir((x,+Xz)Un§) (2.3) 
and a yield of KAg is positioned at a distance of xx + x2 from the ob-
ject point? the geometric unsharpness determined by 9 and x0 will be 
the same as for plate (l). The fast-neutron yield has been inereased 
by the factor 
(xi + x a )
2 ^ ^ 
x,2 






Figure 3. Geometrie Unsharpness from Convertor-Plate Sources 
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Image has remained unchanged because 
= Krrdx.+ ^tane/zf _  K t^a/z = ( } 
Therefore the ultlmate limitation on fast-neutron intensity is the 
thermal flux density at the position of the plate. 
A major difficulty with this type of source is the large gamma-
ray fields associated with most beam facilities. If the fast neutrons 
are obtained by viewing the reactor core directly., an additional diffi-
culty would be the beam contamination from neutrons having energies of 
less than 500 keV. 
Comparison of Sources 
In conclusion we may make several generalizations concerning 
isotopic, accelerator., and reactor sources» A small accelerator pro-
ducing neutrons by the D-T reaction is a reasonable choice of source 
size if high-energy neutrons are required from considerations of ade-
quate penetration of the object or from considerations of detector 
response. For the same reasons, a fission spectrum may be more useful 
for some applications. Except for availability, reactor sources offer 
252 
no advantage, and a Cf source is also a better choice because point-
source conditions can be approximated closely. 
252 
At the present time Cf is expensive and in limited supply. 
The United States Atomic Energy Commission (AEC) price at the Oak Ridge 
National Laboratory is $100 per 0.1 microgram with a 1.0 microgram 
limit per purchaser [ kl]. However, it is estimated that, after the 
first production run of 1969-1970 at the Savannah River Planta 1.0 to 
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2.5 grams of Cf could be made available at a unit price of $15 to 
$25 per microgram, and by the early 1980's several hundred grams per 
year could be produced for sale at approximately one dollar per 
microgram [ kl]* 
From an economic standpoint accelerators and californium-252 would 
then be about equivalent on a capital investment per neutron basis except 
252 for the case in which a continuous source is needed«. Then Cf would 
be a better Investment» Operating expense and maintenance are consider-
ably greater for accelerators« 
Collimation and Shielding 
The need for collimation and shielding for fast-neutron radiog-
raphy arises from praetical considerations of beam definition, minimiza-
tion of scattered neutrons, and personnel protection. These problems 
are neither simple nor straightforward. Beam definition can result in 
severe contamination of the beam from scattered neutrons which have 
lower energy and random direction, and the angular distribution pattern 
of the neutrons becomes complex= 
Collimator design is more difficult than bulk-shield design 
because, for a specific applieation, there is an optimum combination of 
geometric arrangement, collimator dimensions and shape, and material 
composition. For this reason, few collimator studies have resulted in 
useful generalizations 0 Straker [ h2\ has reviewed the results of 
several studies and summarizes the significant results as follows: l) 
the liner contributes the most to the scattered flux for long colli-
mators, 2) the scattering is strongly influenced by the choice of lining 
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material with iron being a better choice than lead or carbon, 3) "the 
collimator should be tapered at both the source and detector ends, and 
h) there exists an Optimum location for the collimator position relative 
to the source and detector. With Monte Carlo techniques (05R Computer 
code) Straker analyzed the effects of collimator shaping and lining 
material on the origin and magnitude of the scattered and transmitted 
components of the neutron flux for a distributed source and a 2o0-cm 
detector» These results demonstrated that: l) for a long cylindrical 
collimator, most of the scattered component is due to events near the 
entrance and exit of the collimator, 2) nearly all of the transmitted 
component enters the air eolumn through the shield near the source, 
3) hyperboloid shaping (this shape may be approximated by several coni-
cal sections) at the entrance and exit of the collimator can produce a 
factor of five improvement in the ratio of background fluence to direct 
fluence, and k) iron or Polyethylene in one eighth inch thicknesses is 
a better choice of lining material than either lead or aluminumo 
It should be emphasized that the restraints placed on the System 
by the requirements for a particular application will influence the 
optimum design» For biomedical applications the three most restriktive 
requirements are those specifying depth-dose charaeteristics, field 
size, and acceptable dose rate« For instance, for the clinical appli-
cation of fast-neutron therapy, the current consensus is [ 31] '• l) from 
considerations of treatment time the minimum acceptable dose rate is 
10 rads/min with no phantom, 2) from considerations of the dose to 
healthy tissue the minimum acceptable depth for 50 percent of the sur-
face dose is 10 cm, and 3) "the smallest field size (dimension of the 
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beam at the surface) of clinical interest is five cm. A source-to-skin 
distance (SSD) of about 125 cm [31] for ik MeV neutrons appears to meet 
1 2 
the second requiremento A source having a minimum intensity of 5 X 10 
n/sec would be necessary in order to meet the first requirement. (This 
combination of source, SSD^ and field size is discussed in Chapter V, 
section Dosimetry Calculations«) 
Two experimental arrangements of biomedical interest are those 
of Greene and Thomas [ kö] and Lawson and Watt [ k3] ° Lawson and Watt 
used a 5->0-cm diameter by 60«5-cm long collimator, an SSD of 75 cm with 
a l4-MeV generator target shielded by B-loaded polythene. Their re-
sults based on isodose curves in a 20 X 30-cm right elliptieal cylinder 
with a l6A X l6.k-cm field were less than satisfactory» The beam ap-
peared to be very nonuniform with a surface dose ranging from 100 per-
cent at the centerline to 60 percent at the edges = 
Greene and Thomas used conical collimators and a 50-cm SSD with 
a 1^-MeV generator target inside a steel shield« Their beam definition 
was adequate and the results for a 10 X 10-cm field indicated a drop in 
dose of about 10 percent from the centerline dose at 1-8 and 10 cm 
depths» Additional experimental evidence on the effectiveness of iron 
collimators for 14-MeV neutrons has been presented by Rosen and Ste-
wart [ kk]. 
Imaging 
Object Contrast 
The relative opacity of the object can be predicted from physical 
theory, and hence an estimate may be made of the maximum amount of In-
formation that could be extracted from a transmitted beam„ 
2k 
In order to visualize an inclusion in biological objects, there 
must be a: difference in the absorption of the primary radiation along 
paths that traverse the inclusion compared with adjacent paths that do 
not traverse the inclusion. This difference can be expressed as object 
contrast C (sometimes referred to as subject contrast) given by [1+5] 
C = ,X M ,
a (2.6) 
x̂ + â 
where \|r and \|f are respectively the total primary fluences that have 
a x 
and have not passed through the inclusion. (The object contrast, which 
is independent of the method of detection, should not be confused with 
the radiographic contrast defined as the absolute value of the difference 
between the Photographie densities of two areas on a visible image.) 
In the case of a monoenergetic source such as ll+-MeV neutrons the object 
contrast may be expressed in terms of the total linear attenuation co-
efficients ^ and p, as [ 30] a x 
1 - exp [ (fix-.|ia)a] 
C = 1 + exp [(Hx-M.a)a]
 (2'?) 
where a is the thickness of the inclusion. Note that the object con-
trast does not depend on the overall thickness x of the object. In 
the case of air inclusions, where \i is negligible_, Equation 2.7 is 
a 
1 - exp (ua) 
C = r^-Y (2.8) 
1 + exp (u a) 
and, in the special case where |jt and \i are nearly equal, Equation 2.7 
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reduces to 
C = i(u - \i ) a (2.9) 
-X. d 
If the composition of the various tissues and the total neutron 
cross sections are known, then the linear attenuation coefficients may 
be calculated and the ideal objeet contrast determined from Equation 
2.7» For 1^-MeV neutrons the linear attenuation coefficients for fat 
(LL_) and muscle (u, ) are 
f m 
M, = O.O96 cm"1 
m 
(j, = 0.097 cm"1 
which means that fat and muscle cannot be contrasted with lU-MeV neu-
trons. On the other hand, the composition for bone in humans varies 
greatly among the different types of bone tissue and among the differ-
ent bones. In the literature the composition for wet cortical bone is 
most often reported because this tissue is more uniform than is the 
spongiosa [ ̂ 6]. However, even the composition of cortex shows wide 
variability. Table 2 shows a comparison based on three of the more 
reliable determinations. 
For the calculations in the current research, bone is assumed to 
be 50 percent cortex and 50 percent marrow with a linear attenuation 
coefficient of 0.108 cm 1. The linear attenuation coefficients for 
60-keV and 1-MeV X-rays in muscle and bone are 
#-
See Appendix A for the elemental compositions of muscle and 
fat. 
• * - * 
Calculated using X-ray attenuation coefficients from NBS Cir-
cular 583 [̂-7] and the tissue compositions in Appendix A. 
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Table 2. Elemental Composition of Bone and Linear Attenuation 
Coefficients for ll+-MeV Neutrons 
Percent *Y Weight 
Element A B C D 
Hydrogen 3-^2 6.1+ 7.9 7.6 
Carbon 15.5 27.8 33.0 16.7 
Nitrogen 1+.0 2.7 3.6 3.7 
Oxygen kk.l 1+1.0 39.0 52.2 
Phosphorus 10.2 7.0 6.8 6.8 
Calcium 22.2 11+.7 10.0 11+.8 
Densi ty (gm/cm3) 1.90 I .85 2.05 1.1+2 
M-
Tota l Linear A t t enua t ion Coe f f i c i en t s (cm 1 ) 
0.122 0.11+5 0.176 0.108 
A) Woodard [ 1+6] 
B) NBS Handbook 85 [1+8] 
C) Turner [ 1+9] 
D) Appendix A — 50 percent cortex, 50 percent marrow 
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60 keV u, = 0.191 cm 
\±b = O.389 cm 




\i = O.096 cm"1 
The object contrasts of bone in the presence of muscle for 1^—MeV neu-
trons, 60-keV X-rays, and 1.0-MeV X-rays are 
lU-MeV neutrons C^ = 0.006 a 
b 
60-keV X-rays C = 0.099 a 
1.0-MeV X-rays C = 0.01^ a 
where a is the thickness of the bone in cm. From these considerations 
it appears that lU-MeV neutrons could effectively image air Spaces or 
lung tissue that is overlaid by bone. 
For a neutron source that is not monoenergetic, the object con-
trast is not independent of the object thickness, and the fluences in 
Equation 2.7 must be calculated from the Integrals of \JJ(E) over all 
neutron energies. Parks et al. [30] have made these calculations for 
252 
Cf for air, bone, and fat inclusions of varying thicknesses in muscle 
252 
of 10, 15, and 20 cm thicknesses. These results indicate that Cf 
could also image air overlaid with bone and fat. Further calculations 
indicate that fast-neutron radiography of living humans could be accom -
plished without unreasonable exposure of the patients if an efficient 
detector System could be developedo 
The object contrast for actual radiography Systems is always 
less than the ideal contrast because useful Information in the primary 
beam is obscured by scattered radiation, geometric, inherent, and motion 
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unsharpness, and by Statistical fluctuations due to the limitation of 
finite fluence. The degradation of the image by scattering of radiation 
can be reduced with a narrow-beam, line-detection System [30], but mo-
tion unsharpness due to normal biological functions in humans becomes a 
limiting factor because of the time required for scanning. In 02'der to 
radiograph regions such as the ehest of living humans, the exposure 
time must be kept within a few seconds in order to minimize the unsharp-
ness due to motion from biological functions« The additional requirement 
of minimum dose to the patient and the present limits on source inten-
sity mean that the detection System must be highly efficientc 
Detection Systems 
Maximizing the efficiency and fidelity of the imaging process is 
difficult. For energies between 1.0 and l̂ -.O MeV the neutron cross sec-
tions of all elements are in the order of a few barns or less, so that 
the only way to increase detection efficiency for a given type of de-
tector is to increase the neutron path length in the sensitive volume 
of the detector. This increase in thickness will invariably be aecom-
panied by a proportional decrease in image quality due to geometric 
unsharpness and multiple detection of the same neutron. Detector de-
velopment will therefore be an optimization process for these parameters. 
Several types of imaging Systems could be used for fast-neutron 
radiography including proton-reeoil layers with Photographie film, 
bundles of rods of a neutron scintillator with film or an optical image 
intensifier, an array of solid state detectors, fission-fragment track 
registration, and activation-transfer techniques. Scintillation methods 
appear to be the most promising for efficient imaging, and detector 
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efficiency will be a limiting factor for examinations of living humans. 
Scintillation Systems. An imaging System of this type would 
convert a fraction of the incident energy of the neutrons into light 
photons that would be observed optically. An energy loss of a neutron 
in the detector can be recorded only through the processes of ionization 
and excitation caused by charged particles set in motion by the neutron. 
Therefore the total number of photons produced per interaction is a 
function of the neutron energy transferred to the charged particle. 
While (n,a) and (n,p) reactions also result in the production of lumi-
nescence, elastic scattering with the atomic nuclei in the detector is 
generally a more efficient light producing process. It is easily shown 
from the energetics of elastic scattering that the kinetic energy E, 
transferred to the recoil nucleus by a neutron of kinetic energy E is 
k M M 
E, = ^ — E cos29 (2.10) 
t (M + M ) 2 n 
a n 
where M and M are the masses of the nucleus and neutron, and 8 is the 
a n ' 
angle of recoil (laboratory System). This recoil energy E, is then con-
verted into excitation of the scintillator molecules as the recoiling 
atom interacts with its neighborsn Organic scintillators are superior 
to inorganic scintillators for fast neutron detection because: 1) more 
energy can be transferred in a Single elastic interaction with a light 
nucleus such as hydrogen, and 2) the gamma background detection effi-
ciency of organic scintillators is less than inorganic scintillators [ 50]. 
For hydrogen^ Equätion 2.10 is 
E, = E cos29 (2.11) 
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In organic scintillators, essentially all of the luminescence is caused 
by the excitations and ionizations produced by knock-on protons from 
elastic interactions with hydrogen. The scintillation response is re-
lated to the energy loss of the protons in a nonlinear manner which will 
be discussed in Chapter IV, section Synthetic Radiographs« 
In order to preserve any contrast inherent in the image, it is 
essential to maintain a point-to-point correspondence between incident 
radiation intensity at any point of the detector and the final display 
of this image. Therefore an imaging system that incorporates a thick 
organic scintillator would require some provision for channeling the 
light from the unit volume where it originates to the recording device 
which could be a Photographie film or an image intensification and TV 
System. The method of channeling or collimation of the luminescence 
could be aecomplished by using an array of plastic fibers or a liquid 
scintillator containing reflecting Channels such as aluminum-foil tub-
ing. The resolution which is possible for such an imaging device would 
depend on: l) the practical problems of fabricating small-diameter 
collimators, and 2) the limitation imposed by the ränge of the knock-on 
protons in the scintillator. Generally, a resolution of much less than 
one millimeter would be difficult to obtain. 
Fission Track Registration. Gamma background radiation will 
always be present due to (n,y) reactions in all materials in the vicin-
ity of the facility, from gamma emission of the neutron source, and from 
deexcitation of nuclei following inelastic scattering. 
If efficiency can be sacrificed, an imaging system based on 
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fission can be constructed that is insensitive to photons and that has 
an inherent resolution of a few microns. When a transmitted beam of 
neutrons interacts with a thin film of a fissionable element, the fis-
sion-product concentration can be detected in an adjacent surface such 
as glass or plastic by an etching process that chemically removes the 
surface material at each track of a fission product. The developed 
image in the form of varying concentration of etched tracks can be ob-
served directly or enhanced by coating the surface with a metal film 
and viewed by transmitted light. The efficiency of this type of imag-
ing System for thick (~ 13 microns) foils of Th, ^U, U_, or 
OOQ _ 
Pu has been determined to be 1.16 ± 0.03 X 10 5 fission track per 
neutron-barn [ 51]• This efficiency can be increased by adding layers 
of fissionable foils and detection plates, but in general the maximum 
practical efficiency will be less than acceptable for radiography of 
living specimens. 
Photographic Emulsions. An imaging System using Photographie 
emulsions can also be employed if efficiency is not important. The 
inherent unsharpness of less than 100 microns [ 52] is not a limiting 
factor, and gamma interference is not a major consideration if 1̂ -MeV 
neutrons are used. Parks' results [53]> which will be discussed in 
Chapter V, demonstrate that satisfactory radiographs can be obtained for 
five to 15-cm thick Plexiglas with an ineident fluence of 109 to 10 ° 
n/cm2 using a fast X-ray film behind a proton radiator. Exposure of 
the emulsion is caused by the knock-on protons which are either ejeeted 
from the surface of a hydrogenous radiator or set in motion within the 
emulsion or its plastic base. 
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CHAPTER III 
MODULATION TRANSFER FUNCTION AND IMAGE-FORMING QUALITY 
Validity of the MTF for Analysis of Image-Forming Quality 
A procedure for the analysis of radiographic Systems should allow 
the easy assessment of the overall image-forming quality. In addition, 
the procedure should provide a means of determining the relative impor-
tance of the various image-degrading effects, and it should also allow 
the unambiguous intercomparison of separate Systems. A number of methods 
have been tried for the evaluation of diagnostic x-radiography Systems. 
Rossman [^h] pointed out that the employment of test objects such as 
wire meshes, screw threads, holes in metal plates, step wedges, etc. 
leads only to the determination of the ability of the System to image 
wire meshes, screw threads, holes in metal plates, step wedges, etc. 
Other methods involve the use of slit mechanisms to image a series of 
lines and Spaces of graded width to determine the resolution defined as 
the maximum number of lines per millimeter that can be distinguished in 
a radiographic image. These methods, while useful for standardization, 
equipment Checkout, and development of techniques, have met with only 
limited success for the analysis of the complete System and suffer from 
the common fault that the apparent resolution is not independent of the 
apparent contrast. In addition, the resolution by itself cannot rea-
sonably characterize the image-forming properties of the complete System. 
A System having good resolution characteristics can produce Images having 
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poor definition and vice versa [55l» Similarly, in the nondestructive 
testing field; image quality indicators (IQI's) have been used to mea-
sure contrast and definition. These take various forms such as step 
wedges with and without drilled holes, and platinum wires. Feaver [56] 
has discussed these devices and has pointed out their limitations such 
as the nonuniformity of response between different types, the dependence 
of their response on both density and unsharpness., and the necessity of 
visualization of very small image areas with the attendant difficulties-
While IQI's may be quite useful for comparisons of various techniques, 
quality control, and defect evaluation, their use for interfacility 
comparisons and overall Systems analysis is limited. 
In the fields of television, optics, and photography the tech-
nology of image evaluation and System optimization is more advanced than 
in the radiology field. Perrin [ 57] has described how resolving power 
has been used by Photographie scientists since about 1896 for the evalu-
ation of image-forming properties of Photographie materials. It became 
increasingly apparent in the 1950's that the use of resolving power was 
fundamentally unsound, and that a method was needed that would serve as 
a common language for describing the behavior of individual components 
of a System. This need led to the evolution of the modulation transfer 
function (MTF) technique which is now one of the more advanced techniques 
for analysis of image-forming quality. It should be noted that, even if 
the theory had been developed earlier, this technique could not have 
been effectively applied because the magnitude of the calculations re-
quires the use of high-speed digital Computers 0 
3̂  
Derivation of the MTF for Radiographic Systems 
The application of modulation transfer functions in the radio-
graphic field has been made only recently. The development and the use 
of these techniques in this area has been primarily due to the efforts 
of Morgan [58,59J60]J Rossman [5U,6l], and Rossman and Sanderson [62]. 
The modulation transfer function may be defined as the Fourier 
integral transform of the line-spread function where the line-spread 
function is defined [ 5̂ ] as the intensity distribution in the image plane 
of an infinitely narrow and infinitely long slit emitting radiation of 
unit intensity. The MTF is a measure of the amplitude distortion exist-
ing in an imaging System, Amplitude distortion is present to some de-
gree in all Systems and is caused by scattered radiation, graininess of 
films and screens, and by motion and geometric unsharpness. Harmonie 
and phase distortion may also be present, but Morgan [ 60] has concluded 
that amplitude distortion is the most important factor influencing the 
image-forming quality in radiographic Systems. 
The MTF has two important characteristics which make it a power-
ful tool: l) it is not sensitive to such factors as quantum fluctuations 
and viewing conditions and is therefore independent of contrast, and 2) 
the effects of various components of a cascaded system may be determined 
separatelyr so'that:/these components can be optimized independently"ac-
cording to their relative importance. The secöhd characteristic is de-
rived from the useful mathematical property that the MTF of the complete 
system is the produet of the MTF's of all the component parts provided 
these MTF's can be determined independently, and provided the components 
are essentially linear. Calculated MTF's identify in a quantitative 
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manner the problem areas in Systems design. They may also be used as a 
guide for accepting or rejecting particular radiography Systems on the 
basis of theoretical considerations before any pilot experiments are 
undertaken. 
Instead of thinking of the MTF as a Fourier integral transform 
of the line-spread function«, it is more useful to define the MTF as the 
percent amplitude response in an image as a function of the spatial 
frequency of sinusoidal grooves in an object. Intuitively, one might 
expect that, if the peak-to-Valley dimension in the object can be de-
tected in the image, it could be seen. most easily when the spatial fre-
quency is low, i.e. the distance between peaks or Valleys is great. As 
the spatial frequency is increased one also might expect that at a suf-
ficiently high frequency the sinusoidal structure of the object could 
not be seen in the image. This intuitive approach can also be applied 
to the resolution of lines and Spaces of equal width. The distortion 
that affects the image quality, and that reduces to a uniform blur the 
image of high-frequency grooves in an object, is a continuous function 
expressed quantitatively by the MTF as the amplitude response versus 
spatial frequency. This plot can then be used to indicate the amplitude 
distortion at all frequencies including the frequency corresponding to 
the resolution (where the amplitude response is reduced to approximately 
five percent). The MTF can be measured by imaging several test objects 
having sinusoidal grooves of different spatial frequencies (Figure h), 
and then determining the detector response at the peaks and Valleys. 
This approach has been used [ 60], but the experimental difficulties are 
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Figure 4 . Geometries for Determining Amplitude Response 
and Line-Spread Functions 
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and to calculate the MTF for a series of frequencies using the normalized 
convolution integral 
r 
\ (J(x) cos ZTffx äx 
—-'-^ (3.1) 
(ft(x) d; -OO 
where f is the spatial frequency. 
Equation 3*1 fliay be derived from physical considerations as fol-
lows. Consider a sinusoidal test object (Figure h) interposed between 
a radiation source and an image plane. For exponentially-attenuated 
radiation, the primary fluence transmitted through the object will vary 
with the path length y according to 
Fp = FQ exp(-|xy) (3-2) 
where \i is the total attenuation coefficient. If the peak-to-peak 
thickness is small (low contrast conditions),, Equation 3»2 may be ap-
proximated by 
Fp * F o ( l " [iw) exP(-^v) (3'3) 
where v is the minimum object thickness, w is the peak-to-peak am-
plitude, and y = v + w; or 
max 
F = F'(l - fcw(l + cos 2TTfx)) (3-^) 
where Ff = F exp(-jjiv). For a small overall thickness Variation we may 
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also assume that the scattered fluence F is proportional to the mean 
thickness. An image of the test object will reproduce the sinusoidal 
shape with an accuracy dependent on the amount of amplitude distörtion 
present at the spatial frequency f. The value of the MTF at the spa-
tial frequency f is the difference in image response at points P(0) 
and P(n) normalized to the condition of no amplitude distortion by 
dividing by the limit ,of the response difference for P(o) and P(TT) as, 
the spatial frequency approaches zero. Alternately, the same imstge would 
result if a series of exposures were taken with a slit System interposed 
between the object and image plane with the slit position incremented 
by one slit width Ax in the x direction per exposure. A Single expo-
sure produces a line-spread function, $(x, Ax), which contributes to the 
image formation at every point an amount proportional to the fluence at 
the slit position and to the slit width. The dependence of the response 
on the slit width may be removed by progressively decreasing Ax until 
$(x) shows no further change. An Integration of the incremental contri-
butions of each exposure at a particular point equals the total response 
for the condition of a Single exposure with no slit. The response at 
point P is equal to 
0 0 r 
£ = CLQ p ' f $(* ) \{\-i^w{\ + COS 2lff(x
 +X°))) dx , N 
(3-5) 
where a0 is a proportionality constant, and x0 is the distance from 
point P to the closest point of minimum thickness in the :x direction. 
Obviously, the response will be greatest at points P(o), i.e., where 
x0 = 0, immediately under the thinnest portions of the object, and the 
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response will be least at F(TT), i.e. where x0 = f/2 under the thickest 
portions. The amplitude response A is the difference between Ep/n^ 
and E 
P(TT)' 
A = CL0 F 
oo 
T$(x) (\-±rw(l+ cos zirfx)) dx - (3^6) 
\ $00 (' - i^(' * C0S(2/irfx + ^ 
-loa 
But s ince cos(2rrfx + TT) = -cos 2rrfx, Equation 3*6 reduces to 
A = -OLO^WF'\ $(*) COS 2irfx dx ^ ^ 





f = = -a0|iwF' / (£)(x) dx (3.8) 
The qualitative significance of amplitude distortion is that 
sharp boundaries in the object are imaged with a blurring that is pro-
portional to the amplitude distortion of all spatial frequencies. If 
the MTF's of the response of different Systems show the same resolution 
characteristics, superior image quality will be produced by the System 
having less distortion of the lower frequencies. Calculations of the 
MTF should define the amplitude distortion over the ränge of spatial 
frequencies from about 0.01 cycle/mm, where all useful Systems exhibit 
essentially no distortion, to a sufficiently high spatial frequency that 




Mathematical Treatment of Neutron Transport 
The formal mathematical description of the interaction of neutrons 
with matter is identical with the description of the interaction of gamma 
radiation with matter; however, in detail the two are only vaguely simi-
lar. 
A mathematical description of the steady-state, i.e. time-
independent, condition of a System containing a neutron source is an 
expression of the spatial, directional, and energy distribution cf neu-
trons in the System. This involves the neutron distribution in a dif-
ferential element dT = dV du dE in six-dimensional phase space requiring 
three variables to define position, two to define direction, and one to 
define energy. Therefore a neutron in dT is located in the volume ele-
ment dV in three-dimensional coordinate space, and is traveling in the 
direction Cl within du with energy between E and E + dE. The total 
number of such neutrons is given by N(r,E,fi)dE du. It is this angular 
number flux density function whieh must be defined in order to analyze 
time-independent conditions in reactors, shielding, and radiography. 
Formally, N(r",E,Q) is defined in a conservation equation for neutrons 
in a steady-State System by the Boltzmann transport equation which can 
be abbreviated as 
L + (A + S ) = S. + s (4.1) 
kl 
where 
L = total leakage of neutrons out of N(r,E,fi) 
A + S = removal of neutrons out of N by absorption and scatter-
ing 
S. = scatter into the ränge of N(r,E,Q) 
s = source term for the generation of neutrons into the 
ränge of N(r,E,ß) 
Unfortunately a rigorous analytic Solution of the Boltzmann 
transport equation is unavailable for practical applications. Most 
approximate Solutions have been developed in the fields of reactor 
theory and shielding using the techniques of either: l) numerical ap-
proximations and iterative calculations, or 2) the elimination of one 
or more of the six variables. Most of these techniques are derived from 
one or more of the following penetration or transport methods [63^64, 
65,66,67]: l) kernel theory, 2) removal-diffusion theory, 3) moments 
method, k) spherical harmonics method, 5) discrete ordinates method, 
6) Fermi-age theory, and 7) Monte Carlo method. 
The Monte Carlo method is the only currently available technique 
that can be successfully applied to the problem of the theoretical ex-
amination of the image-forming quality of fast-neutron radiographic 
Systems. 
The Monte Carlo method is a stochastic method of obtaining 
estimates of the behavior of a System by Computing the average of a 
large number of individual events. The concept is simple, but a great 
deal of skill and ingenuity is necessary for the successful application 
of the method. Credit is generally given to von Neumann and Ulam at 
k2 
Los Alamos in the 19̂ -0 's as the instigators of the method for physics 
and engineering problems. 
Despite the early interest in the Monte Carlo method, the devel-
opment was slow and is only now becoming widely employedo This is due 
to two factors: l) the success of the method depends on effective 
techniques for variance reduction, and 2) the economical Solution of 
any but trivial problems by Monte Carlo techniques requires the use of 
a high-speed digital Computer -
For the Solution of neutron transport problems, the straightfor-
ward approach of simulating the physical process step-by-step is usually 
employed. The behavior of neutrcns in a System is obtained from the 
analysis of the histories of a large number of individual neutrons from 
birth until termination. The parameters characterizing the neutron at 
any time during its life are determined statistically using a detailed 
cross-section package to define the various probabilities of interac-
tions, energy loss, scattering angle, etc. Obviously, the accuracy of 
the method depends on the validity and completeness of the cross section 
data and the total number of the neutrons available for analysis in a 
given region. 
The use of the Monte Carlo method generally necessitates the 
employment of variance reducing techniques in order to obtain accurate 
estimates of the desired parameters without excessive use of Computer 
time. Some of the more common methods for variance reduction are: 
l) importance sampling, 2) the use of expected values, 3) Russian 
roulette and Splitting, h) correlation and regression, and 5) systematic 
sampling. These techniques have been developed and discussed by Kahn 
[68,69,70]. 
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Monte Carlo Methods Used in Analyses 
The basic Computer code used in this research was written at the 
Oak Ridge National Laboratory [ 71]• This code, named 05R, provides a 
Statistical Solution of the Boltzmann transport equation. The code was 
revised and expanded by the author for better adaptation to this study. 
Several significant features are incorporated in 05R which make it the 
most useful neutron transport code currently available» 
05R allows as many as 36 Parameters to be recorded per collision 
at the Option of the user» For most of the analyses in this study, 10 
Parameters were required. The most useful of these included: type of 
collision (real interaction with a nucleus, crossing a medium boundary, 
or escape from the System), coordinates of the interaction, speed squared 
before and after collision, Statistical weight before and after colli-
sion, element identification, and region identification. An additional 
parameter was inserted into the code so that the energy of the recoil 
nucleus could be recorded after inelastic interactionSo 
Cross Section Manipulations 
Macroscopic cross sections for most elements show a very pro-
nounced resonance structure (see Appendix A). This is particularly 
true, with the exception of hydrogen, for the light elements which occur 
in biological tissue. In order to adequately represent these fluctua-
tions, a tremendous amount of data must be sorted and referenced during 
a Monte Carlo analysis. Obviously, a large number of data points are 
required to define the cross section values over the energy ränge from 
a few eV to ik MeV. 05R accomplishes its task by processing neutrons 
in batches of 1000 within fixed energy groups with each neutron being 
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degraded in energy over the fixed ränge of energy until none have an 
energy higher than the lower limit. In this way only the data for a 
Single energy group are needed in the Computer core. These data are 
successively replaced by data for lower energy groups until the baten 
is completely analyzed. The detail with which the cross sections are 
described is under the user's control. The ränge of 77»13 MeV to 
0.0701 X 10 eV is divided into ^0 energy groups by energy boundaries 
that are a factor of two apart» These supergroups are subdivided into 
equal energy intervals from two to 102̂ «, Two intervals may be adequate 
for a gross analysis, but generally 6h to 256 are required for adequate 
accuracy for most problems. Increased accuracy is always obtained at 
the expense of longer computation times« Results which are reported 
in this paper were obtained with 128 points per supergroup. The author 
found it necessary to double the capability of the code in order to in-
clude in the calculations all of the chemical elements that are important 
in biological media. 
Variance Reduction 
Any nontrivial Monte Carlo code must have provision for variance 
reduction. This fact follows from the Statistical nature of the method. 
(The results are derived in the form of averages.) The accuracy of 
these averages is a function of the number of samples from which the 
averages are formed. However, the calculation of a Single neutron his-
tory involves a significant amount of Computer time. With all the 
ingenious variance-reducing devices being employed, many problems for 
which a Monte Carlo Solution is being sought are so complex that only 
several thousand neutrons can be analyzed in the budgeted amount of 
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Computer time. This often results in estimates having large variances, 
and herein lies the major disadvantage of Monte Carlo techniques. 
The most obvious variance-reducing device that is employed by 
05R is the use of a weighting System. This is a type of importance 
sampling in which each neutron is assigned an arbitrary weight at birth 
(usually 1.0). At every interaction of the neutron with a nucleus the 
weight is adjusted downward by the ratio of the macroscopic scattering 
cross section to the macroscopic total cross section for the medium at 
that energy. In this manner no neutron is ever absorbed, but absorption 
is taken into account by reducing the importance of the neutron at each 
collision by the absorption probability. 
Another common method of variance reduction is "Russian roulette," 
which may be employed at the user's option. Russian roulette is a means 
of limiting the Computer time spent following neutrons that have little 
Statistical importance. If the neutron weight falls below a preset 
value, that neutron is subjected to a game of Chance to determine if the 
neutron history will be terminated or if the history will be continued 
with an increased weight. No bias is introduced because on the average, 
the sum of the weights of neutrons that have been killed is balanced by 
an equal weight-sum which is distributed among fewer neutrons. 
Other more specialized variance reduction techniques such as 
Splitting and angular biasing, which are available in 05R, were not 
required for this research. 
Scattering Angles 
Selection of scattering angles is accomplished in one of three 
ways: 
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1) Isotropie distribution 
2) A distribution having a speeified value of the first Legendre 
coefficient (the P-j_ approximation) 
3) An anisotropic distribution which is speeified by more than 
one Legendre coefficient, 
These options all refer to the eenter-of-mass System. During the pre-
liminary phases of this study it was ascertained that, for the media 
and geometries examined in the current research, there was no signifi-
cant difference in the results of histories generated using the T1 
approximation,, i.e.. linearly anisotropic, and the results of histories 
generated using the P8 approximation, i.e. a nonlinearly anisotropic 
distribution speeified by a nine-term Legendre polynomial. The Px 
approximation is preferred for reasons of computational speed and ease 
of problem setup. For hydrogen at all energies below ik MeV and for 
the other elements at energies below a few hundred keV, elastic scatter-
ing is essentially isotropic. The Legendre coefficients used in this 
study were taken from the 05R cross section library. Because no coeffi-
cients were available for phosphorus, isotropic scattering was assumed 
at all energies. 
Inelastic Scattering 
The capability to handle inelastic scattering was developed and 
built into the 05R code by the author. Appendix B gives the kinematics 
of inelastic scattering. The Computer code treats inelastic scattering 
in two ways. If probability data for discrete-level excitation are 
available for the energy of a neutron, then nuclear excitation is se-
lected from one of the possible discrete levels. If level data are not 
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available, or if the neutron energy is sufficiently high, then the 
inelastic interaction is treated as continuous-level excitation. In 
this case a Statistical model is assumed [72] "where the Compound nucleus 
is treated as a Fermi gas of nucleons. According to this model, the 
energy spectrum of scattered neutrons is a continuous Maxwellian dis-
tribution [ 67] given by 




E = energy of inelastically scattered neutron in the center-
of-mass System 
e = ki = 3.23 E0/A 
E = energy of incident neutron in the center-of-mass System 
A = target mass number 
G = factor for normalization to unit area 
max 
E/9 exp(-E/9) 
where E = E - Qi, and Qi = the lowest binding energy of 
illcLK O 
the nucleus 
In this expression the temperature T is derived from Weisskopf's level-
density formula [73]« Equation k.2 is strictly valid only where the 
cross section for elastic resonance scattering is small and at energies 
where many levels of the target nucleus are excited. The angular dis-
tribution of the scattered neutrons is isotropic if the Compound nucleus 
is sufficiently excited so that the Statistical theory is also valid for 
-L 
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the residual nucleus [ 7̂+1 • 
For light nuclei the angular distribution is generally aniso-
tropic, and the discrete nature of the energy distribution of the 
scattered neutrons can be observed [ 75]• However, to a fair approxima-
tion and in the absence of i better alternative, inelastic scattering 
may be assumed to be Isotropie in the center-of-mass System. Appendix 
C explains the method of selection of the appropriate direction cosines 
in the laboratory.System. 
System Geometry 
Incorporated into 05R is the provision for handling complex 
geometries. Almost any System geometry that can be described by a series 
of intersecting quadric surfaces can be treated by the code. The main 
limitations involve the size of the Computer core, the ingenuity of the 
user, and the increase in computation time as the complexity of the 
description increases. The reader is referred to the documentation [ 71] 
for the description of the capability of the System. 
Dosimetry 
For elastic interactions the contribution to the dose is the 
energy loss of the neutron divided by the mass of the unit volume of 
the target. The energy loss in MeV is the difference in the neutron 
speed squared in cm2/sec2 divided by the constant 1.9132 X 1018 cm2/sec2-
MeV. The locally-absorbed dose for an inelastic interaction cannot be ob-
tained directly from the neutron energy loss because a fraction of the 
excitation energy usually escapes the nucleus in the form of gamma rays 
from a deexcitation cascade. The energy of these gamma rays cannot be 
aecumulated as locally-absorbed dose. The reeoil energy of the nucleus 
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(see Appendix B) is returned to the Output data file as one of the 
Parameters that characterizes the collision. 
Neglecting the contribution to the dose by gamma rays from cap-
ture and those produced by inelastic interactions, as well as the con-
tributions from (n,2n), (n,<x), and slmilar reactions, results in under-
estimating the dose by several percent at incident neutron energies up 
to 1k MeV (see Chapter V, section Dosimetry Calculations)« Such an 
error in the dose calculations is not considered to be significant for 
this study. 
Analysis of Neutron-History Data 
Of particular significance is the fact that no analysis is per-
formed by the 05R code itself. This increases the versatility of the 
code because every problem is unique and often requires special treat-
ment. Consequently, the user must develop all the procedures for the 
analysis of the neutron-history data, For this study, the neutron-
history data were recorded on a large, temporary file on the Univac-
1108 FASTRAND drum.. The mainline program of 05R was rewritten to call 
specialized analysis subprograms after completion of the neutron his-
tory data file. In this manner a first-order data reduction was per-
formed immediately on the raw data. This eliminated the handling and 
storage of magnetic data tapes« Second- and third-order data reductions 
were required for most of the problems, and these operated on the 
printed output, punched cards, and punched paper tape that were produced 
by the initial analysis. 
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Line-Spread Distributions 
Four factors that affect the image-forming quality of fast-
neutron radiography Systems are examined in this research. These are 
geometric unsharpness, scatter in Standard man tissue, intensity spread 
in thick organic scintillators, and spread in other types of detectors. 
The effect on the image-forming quality from these factors is examined 
by calculation of the line-spread functions (LSF) and>the correspond-
ing modulation transfer functions (MTF). 
As explained in Chapter III, modulation transfer functions are 
more easily obtained from the appropriate transformation of some other 
distribution. In experimental measurements the line-spread function 
is usually determined and the MTF is then calculated from the LSF. 
The MTF may just as well be derived from a point-spread function (PSF) 
if the System under study is Symmetrie. The LSF §(x), defined as the 
intensity distribution in the x direction of an infinitely long and 
infinitely thin slit perpendicular to x emitting radiation of unit 
intensity, is related to the PSF ^(r), defined as the intensity distri-
bution along the radial direction r of an infinitely small point 
emitting radiation of unit intensity, by the expressions 
$M 
and 
vw = w 
= 2 
ijJ(r) r dr 
V r 2 - x 2 ' 
ji I $Q) r dr 





The experimental diffieulties of approximating an ideal PSF are 
obvious, so that this approach is of only academic interest. However, 
for the theoretical approach, the PSF is just as easily calculated as is 
the LSF and in fact is preferable from considerations of Computer effi-
ciency. For the calculations all of the primary fast-neutron radiation 
is directed along the same line, or for a finite source all of the pri-
mary radiation is directed through the same point between the source and 
the detector plane. 
Geometrie Unsharpness 
Reasonable estimates of the effect of geometric unsharpness may 
be obtained analytically if the assumption is made that the source can 
be approximated by a disc with its axis in the beam direction and having 
uniform emission rate. The transmission of radiation from this disc 
source through a point in the objeet to the detector plane results in a 
disc-shaped image whose diameter is the value of the geometric unsharp-
ness. The line-spread funetion then is obtained by Integration. Because 
the PSF ilt(r) is a constant over the image, Equation -̂.3 becomes 
o 
r dr 
- _ , = zv^rnr (,.5) 
which ranges from 2fß at x = 0 to 0 at x = R. Obviously, the geometric 
unsharpness depends on the relative locations of the source, objeet 
point, and the detector plane. However, the exaet arrangement need not 
be known if calculations are made for a ränge of values of U„ because an 
infinite number of geometric arrangements can result in the same value 
of U , 
52 
Spread Induced by Scatter in Standard Man Tissue [ 76] 
The purpose of this series of calculations is to examine the 
effect of scattered neutrons on the image-forming quality. The proce-
dure involves Monte Carlo analyses of the passage of a point beam of 
neutrons (all source neutrons enter the tissue along the same line) 
through tissue of various thicknesses. The line-spread functions for 
neutrons penetrating tissue must be related to some form of detection 
System in order to have interpretable meaning. As explained in Chap-
ter II, the most promising imaging Systems respond approximately as: 
l) the number fluence, and 2) the energy fluence. Accordingly, line-
spread functions are calculated for both types of imaging devices. 
For the effect of scatter in the object on the image-forming quality, 
a perfect imaging device is assumed. Scatter within the imaging de-
vices themselves is examined separately. 
Spread in Organic Scintillators 
The composition of a typical liquid scintillator for fast-neutron 
applications is given in Table 3 [ 77]• The Monte Carlo calculations 
for organic scintillators are based on these figures. 
In order to examine theoretically the effect of organic scin-
tillators on the image-forming quality of fast-neutron radiography 
Systems, it is necessary to know the response in terms of light Output 
as a function of incident neutron energy. The scintillation response 
L of organic scintillators is known to be nonlinear. Birks and 
Black [78] proposed a semi-empirical relation which predicts the spe-
cific fluorescence dl/dr as a function of specific energy loss or stop-
ping power dE/dr 
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Table 3» Composition of a Typical Liquid Organic 
Scintillator 
Chemical Compound Formula wt . Fraction 
Napthalene C10H8 0.055 
PPO (2.5, diphenyl-oxazole) C15H11N0 
0.01 
POPOP (l,l+-bis-(2-(5-phenyloxazolyl))-
benzene) C2UH16N2°2 0.0001 
Xylene C8H10 0.93^9 
Element Atomic Composition 
Atoms/cm3 (x 1024) 
wt . Fraction 
Hydrogen 0.0^8835 0.093 
Carbon 0.0^0038 O.906 
Nitrogen 0.00002^ O.OOO63 
Oxygen 0.00002^ 0.00073 
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dL S dE/dr ,, ^ 
dr 1 + kB dE/dr ^ ; 
where L is the scintillation response, r is the ränge of the charged 
particle in the scintillator, S is the absolute scintillation effi-
ciency, B is a constant, and k is a quenching parameter. B dE/dr is 
the specific density of ionized and excited molecules along the particle 
track. Birks [ 50] deseribes experimental and theoretical considerations 
involved in this relation. What is needed for this research is the Solu-
tion of Equation 4.6 for a proton of energy E that is created by an 
elastic interaction of a: neutron with hydrogen in the scintillator. 
Prescott and Rupaal [ 79l evaluated the constant kB as 0.0091 g/cm3 from 
electron-proton data using an KE-102 scintillator. Gooding and Pugh [80] 
evaluated the response of NE-102 to protons and developed the ränge-
energy relation of 
dE/r = 17.91 T~0mkk& (4.7) 
cm . Using these values changes 
Equation 4.6 to 
-0.448 
dl 17.91 S r u'^° (h ON 
S 1 + 0.163 r - 0 ^ 8 (' , 8 ) 
The Solution of Equation 4.8 is noT available in analytical form, but 
Figure 5 shows the evaluation of dl/dr as a function of energy along 
with the empirical curve that was fitted to these points 
* 
Product of Nuclear Enterprises, Ltd., Winnipeg, Canada. 
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Figure 5. Specific Fluorescence in NE-102 as a Function 
of Proton Energy 
56 
^ = 78.04 - 19.37 In E (4.9) 
Substitution of 
r = 0.001829 E 1 , 8 1 6 (4.10) 
from Equation 4.7 into Equation 4.9 and Integration from 0.5 MeV (the 
lower energy bound for light-producing protons) to E0 results in an 
empirical relation for the total scintillation response L (number of 
photons) produced by a proton whose initial energy is E0 
L = EQ (b - c In E0) - d (4.11) 
where a = 1.8ll6, b = 0.16232, c = 0.035434, and d = O.O53238. 
Figure 6 shows a plot of L in arbitrary units as a function of proton 
energy. The severe nonlinearity over the ränge from 0.5 to 14 MeV is 
apparent. 
For all the calculations of spread in organic scintillation 
detectors, the fundamental assumption was made that the inherent unsharp-
ness for these detectors is 0.5 mm. Inherent unsharpness is the contri-
bution of the imaging device to the total unsharpness. For organic 
scintillation Systems this unsharpness is due to the cross sectional 
area of the fibers OT light-collimating Channels. 
Spread in Other Detectors 
The reduction in image-forming quality for other types of 
imaging Systems can also be predicted by the calculation of the appro-
priate line-spread functions. Imaging Systems based on fission track 
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Figure 6. Scintillation Response as a Function of Proton Energy 
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registration or on the exposure of Photographie film to the luminescence 
produced in a scintillation convertor screen and/or to knock-on protons 
cause a spread in the image that is small compared with the effects of 
other image-degrading factors such as scatter in the objeet and geo-
metric unsharpness. The response of the detection plate to one event 
can be approximated by a symmetrical point-spread funetion. The shape 
of this PSF could be a step funetion caused by a clump of metallic 
silver in the Photographie film, or the same type of PSF could result 
from the expansion of an area of damage in a detector plate cause! by 
a fission track. On the other hand, the shape of the PSF could be more 
complicated in the case of exposure to the light produced in a thin 
convertor screen. The exact shape will depend on the specific imaging 
System and on the specific experimental techniques such as developing 
time. No calculations of these effects have been included in this study 
because: l) the spread will be small, and 2) no generally applicable 
assumptions can be made concerning the shape of the spread funetions. 
Modulation Transfer Functions 
As explained in Chapter III, the MTF is the Variation of ampli-
tude response as a funetion of spatial frequency. It is obtained by 
evaluating Equation 3«lj the normalized Fourier integral transform of 
the line-spread funetion $(x) 
oo 
/ $Cx) cos zirl-x dx 
* _ r^ 
-̂ O _ oo 
/ (fit*) <kx 
-oo 
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(The line-spread functions are obtained from the Monte Carlo analyses 
of the neutron transport and interaction in the radiographic Systems») 
Equation 3«1 must be evaluated numerically. In order to do this a 
Computer code was developed in which the Interpolation and numerical 
quadrature are^ased om third-degree, natural spline functions. Gre-
ville [8l] has discussed the theory and uses of spline functions, and 
pointed out that these functions: l) are relatively easy to calculate, 
2) give satisfactory results, and 3) provide the "smoothest" interpo-
lating function between N discrete points on the abscissa at which 
the value of a function $(x) is known. "Smooth" is used in the sense 
that each set of adjacent polynomial arcs to the left and right of 
each "x. have the same values for the ordinate §(x.) and the first two 
1 1 
derivatives of §(x). The code that was developed requires -̂3̂ 680 words 
of Computer core, but it has the advantages of speed and accuracy. It 
was found that 12 points per cycle adequately describe the value of the 
cosine function. However, at low spatial frequencies the number of 
points that must be evaluated to adequately define the function §(x) 
cos 2TTfx over a cycle was determined by the line-spread function $(x). 
For low frequencies the function $(x) cos 2rrfx was evaluated at points 
x which were separated by the minimum distance between points that de-
fined §(x). The amplitude response A0 was evaluated at a sufficient 
number of frequencies f to define the MTF over the ränge of 0.01 to 
100 cycles per mm. 
Synthetic and Experimental Radiographs 
Because any given dynamic experiment can be simulated mathemati-
cally provided the physical theory is adequate, it is useful to have a 
6o 
comparison of the current theoretical methods with an actual experiment. 
Such a comparison was undertaken with the experimental phase being con-
ducted by P. B. Parks at the Savannah River Laboratory (Aiken^ South 
Carolina). 
Two polymethyl methacrylate (Plexiglas) blocks, five and 15 cm 
thick with 1.905 cm holes in both, were radiographed. Figure 7 shows 
the geometrical arrangement for the radiographs. The Separation of the 
cassette and the plastic block was varied in order to determine the 
feasibility of improving the image quality by reducing the interference 
from scattered neutrons. Tlie image of the cylindrical hole was detected 
and recorded by the Photographie emulsion through: l) the sensitization 
produced by reeoil protons ejeeted from a hydrogenous radiator, and 2) 
from the luminescence of a calcium tungstate screen adjacent to the 
film. 
Experimental Radiographs 
A detailed description of the research of Parks [53] on direct 
ll+-MeV radiography using Photographie film for the imaging will be pub-
lished as a technical report of the Savannah River Laboratory. A neutron 
generator was used to produce lk-KeV neutrons by the D-T reaction. The 
accelerator was operated at a voltage of 150 kV and at deuteron beam 
currents of between 550 and 600 microamps which gave a maximum yield 
(with a new tritium-loaded titanium-copper target) of between 5.5 and 
6.0 X 10 °n/sec. Exposures were made in a large, concrete-walled room 
with no collimation and a minimum amount of scattering material near the 
target. A Radelin T cassette was used with Kodak Type NS-5̂ -T X-ray film 
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Figure 7. Experimental Arrangement for Neutron Radiographs 
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CaWOi convertor screen on the back side. The separations of the Plexi-
glas block and the cassette were: l) zero for the condition of maximum 
interference from scattered neutrons, and 2) 50 cm for a reduction in the 
interference. The difference in the geometric unsharpness for the two 
geometries was insignificant. 
Successful radiographs were obtained with exposure times in the 
ränge of 2000 to 3000 seconds depending on the age of the tritium tar-
get and the thickness of the plastic. Standard Chemicals and procedures 
were used for development of the X-ray film. 
Synthetic Radiographs 
Pseudophotographic Images were obtained by recording a computer-
controlled oscilloscope display on X-ray film. The formation of the 
visible image as a Photographie negative was the resu.lt of a three-step 
process : l) the calculation of the image pattern that is formed in the 
neutron beam emerging from. the Plexiglas block, 2) the calculation of 
the transfer funetion that relates the neutron image to an absorbed 
dose image in the emulsion, and finally 3) the conversion of the energy 
pattern in the emulsion to variations in optical density in the developed 
negative through the use of the film-response funetion. 
Step (l) was aecomplished by the straightforward application of 
the Monte Carlo method to obtain the specific energy fluence of the 
neutron penetration of the Plexiglas. In the absence of data for the 
atomie composition of Plexiglas, data for Perspex, a similar polymethyl 
methacrylate plastic, were substituted. Table k gives the atoms per cm3 
and weight fractions of Perspex [25]. 
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Table k. Atomic Composition of Perspex 
Element Atoms/cm3 Wt. Fraetion 
Hydrogen .O.O58 X 1024 0.0728 
Carbon O.OlU X 1024 0.209^ 
Oxygen O.O36 X 1024 0.7175 
A point source of 14-MeV neutrons was assumed for the calculation. 
This is a valid assumption because the images of object inclusions 
which are Symmetrie in one dimension are essentially the same for a 
point source as for a finite but small line source provided the line 
is parallel with the inclusion symmetry (see Figure 7)• 
The energy deposition in the emulsion was assumed to be due 
entirely to the loss of energy by knock-on protons. Elastic inter-
actions of 1^-MeV neutrons with hydrogen are twice as probable as the 
sum of elastic interactions with carbon and oxygen in Plexiglas. In 
addition, the ranges of the average carbon and oxygen nuclei are less 
than 5 X 10 3 mm compared to a ränge of about 0.6 mm for an average 
knock-on proton [ 82]. 
The Monte Carlo Solution for the neutron transport from the source, 
through the Plexiglas phantom to the detector plane, was recorded as a 
large number of collisions with the detector plane of neutrons each 
characterized by its weight, energy, and position. The analysis pro-
cess was designed to convert these neutron data into the line-spread 
function of the energy-deposition density in the emulsion. Each neutron 
6k 
was assumed to interact with the thin (2.2 mm) Plexiglas proton-radiator 
with a probability proportional to the elastic scattering cross section 
of hydrogen. The depth of interaction, angle of proton reco.il, and 
proton energy were calculated, and if the proton escaped the Plexiglas 
radiator, the energy deposited in the emulsion at that point was re-
corded. Because of the symmetry of the axial hole in the Plexiglas 
block, the energy density in the emulsion could be reduced to a line-
spread energy-density function in the direction perpendicular to the 
axial hole. 
Step (3) of the imaging proeess was accomplished by exposing 
Kodak Type NS-5^T X-ray film to the image produced on a computer-
controlled Tektronix Model 515-A oscilloscope. The oscilloscope dis-
play was controlled by a Digital Equipment Corporation Model PDP-8/l 
digital Computer through a code that accepted as input the line-spread 
energy-density function that was the result of the Univac-1108 Monte 
Carlo analysis. A spot-reading cadmium-sulfi.de photometer was used to 
adjust the intensity of the oscilloscope display prior to exposure of 
the film. 
Standard techniques were used for developing the NS-5'̂ -T film. 
Next, a one-cm strip of the developed film was removed for densitometer 
analysis. A Canalco Model F scanning microdensitometer was used to ob-
tain an optical density trace of the image. An estimate of the object 
contrast could then be obtained by Converting the density values to 
relative exposures from the characteristic curve. The characteristic 
curve was obtained by successively exposing one-cm bands of film to five 
oscilloscope traces for each of 1000 increments of vertical deflection. 
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The result was a step Image conslsting of relative exposures of 0, 5> 
10, 15, 2.0, and 30 traces per vertical increment. 
Scattering Calculations 
Scattered radiation that is detected in the image plane causes 
a reduction in contrast and an increase in unsharpness. Radiographs 
whose image quality is seriously affected by radiation scattered by the 
object can sometimes be improved by increasing the distance between the 
object and the image and thus reducing the intensity of the interfer-
ence [ 52]. 
At the same time this technique reduces the image quality be-
cause of the increase in geometric unsharpness from finite sources which 
is directly proportional to the object-image plane Separation. There-
fore the method is most effective when the geometric unsharpness is 
relatively small and the degradation of the image by scattered radiation 
is severe. For Isotropie scattering, such as with low-energy neutrons; 
the reduction in the intensity of the scattered radiation is inversely 
proportional to the Separation distance raised to a power that approaches 
2.0 at large distances. At higher neutron energies the scattering; be-
comes increasingly biased in the forward direction, and the reduction 
in the intensity is not as strongly correlated with Separation. 
In order to assess the effectiveness of this Separation technique 
for the improvement of fast-neutron image quality^ Monte Carlo calcula-
tions were made of the differential fluence of scattered neutrons as a 
funetion of angle. The geometry for the calculations is shown in Fig-
ure 8. Scattered neutrons having energies below 1.5 MeV were not in-
cluded in the fluence because these neutrons do not contribute signifi-
cantly to the emulsion response. 
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Dosimetry 
Neutron Energy Absorption in Biological Materials 
Biological media are composed primarily of hydrogen, carbon, 
nitrogen, and oxygen (see Appendix A). Bone tissues contain the addi-
tional elements phosphorus and calcium. Trace elements are present in 
all tissues, but these elements may be ignored for neutron transport and 
dosimetry purposes. 
Fast neutrons (neutrons having energies above 10 keV) lose energy 
primarily by elastic and inelastic scattering in tissue. Elastic inter-
actions predominate below 10 MeV, but inelastic interactions become 
increasingly Important above 10 MeV. Nuclear reactions that are sig-
nificant above 15 MeV can often be ignored at lower energies. For 
instance, elastic and inelastic interactions account for more than 95 
percent of the energy loss of lU-MeV neutrons incident on a thick 
tissue target [83]. The lower limit of 10 keV for the category "fast 
neutrons" is chosen for dosimetric reasons because recoil protons having 
energies less than 10 keV can no longer produce ionization [Qh] and 
therefore neutrons of this energy and below cannot be detected by direct 
ionization measurements. However, this does not mean that the atomic 
and molecular excitation caused by interactions of intermediate neutrons 
is of no biological consequence. The fraction of the neutron energy 
loss due to elastic and inelastic interactions with specific elements 
in tissue will be discussed in Chapter V, section Dosimetry Calculations. 
Fast neutrons that have not escaped or been captured during the 
slowing down process eventually lose energy and reach thermal equilibrium 
in tissue. These thermalized neutrons are captured primarily by hydrogen, 
by the H(n,Y)D reaetion, resulting in the emission of a 2.2-MeV gamma 
ray and by nitrogen, N(n,p) C, resulting in the emission of a O.58-
MeV proton and a 50-keV carbon recoil nucleus. The nitrogen interaction 
results in locally absorbed energy because the proton has a ränge of 
less than 10 microns in tissue. The 2.2-MeV gamma ray from the hydrogen 
interaction may äffeet any part of the tissue due to the long ränge of 
these photons. Obviously, for small masses of tissue (~ one gram or 
less) the major portion of the dose from thermal neutrons is due to the 
N(n,p) reaetion because the 2.2-MeV gamma ray from the H(n,v) reaetion 
deposits very little of its energy within one cm of the path length. 
For larger masses of tissue the contribution of the gamma radiation to 
the total dose may be the more significant. For fast neutrons from a 
252 
l4-MeV generator or from Cf ineident on 20 or 30 cm blocks of tissue, 
neglecting the gamma contribution to the dose results in underestimates 
252 
of the dose by a few percent [ 83]• For Cf neutrons the error that 
results from the neglect of the dose due to gamma and x-radiation origi-
nating in the source will be greater. 
Calculations 
The locally-absorbed contributions to the dose were aecumulated 
as total energy absorbed (in ergs) in the appropriate tissue volumes. 
After all neutron histories were analyzed, the total energy absorbed 
in each volume was converted to rads per unit neutron fluence and 
printed as an array of numbers which could be superimposed on the cross 
section of the tissue phantom. It is difficult to construet aecurate 
isodose contours from the dose arrays with no further data analysis. 
Even for 100,000 neutrons per analysis it is difficult to reduce the 
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volume of tissue below one cm for Statistical reasons. For all analyses 
of broad-beam dosimetry,, the assumed volume cell was 60 cm3 in blocks 
of one cm cross section oriented parallel to the phantom axis and per-
pendicular to the beam direction» For narrow-beam geometries, advantage 
was taken of the circular symmetry of the beam. Comparisons with calcu-
lations for Square fields indicated no statistically significant differ-
ence. The dose was averaged over rings of one cm2 cross section with 
outer radii of 0.5> 1»5> 2.5-•• cm. Isodose contours were derived by a 
two-step process. First., depth-dose curves were drawn in the beam di-
rection for each traverse at one cm increments from the centerline 
using the dose points for the appropriate blocks. Next, the 90* 30, 
... percent depths were determined from the depth-dose curves, and these 
points were plotted on the phantom cross section. The isodose curves 
were then drawn through the series of points corresponding to the 90, 
80,... percent depths. 
In order to evaluate the validity of the premise that no unac-
ceptable error would result if the calculations of dose neglected con-
tributions from gamma rays and reaction products, a comparison was made 
with the data of Snyder [83]. These data were also obtained from Monte 
Carlo calculations but included the contributions of nuclear reactions 
and gamma rays to the dose. 
Standard man tissue composition was used for all homogeneous 
phantoms (see Appendix A). All of the studies in this series employed 
right-elliptical phantoms having dimensions of 30 cm major axis by 20 
cm minor axis by 60 cm height. 
In order to illustrate the disparity that can result when 
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simulating humans with elliptical, homogeneous phantoms, a heterogene-
ous phantom was constructed mathematically. (The model was based on 
Section 26 of A Gross-Section Anatomy, Eycleshymer and Schoemaker [85].) 
Twenty intersecting surfaces (six planes and ik quadric surfaces) were 
required for the mathematical description. These equations are listed 
in Appendix D. Bone,, muscle_, and lung tissues were included in the 
model, and symmetry was assumed in one dimension (60 cm height) in order 
to simplify the analysis. 
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CHARTER V 
RESULTS AND DISCUSSION 
Line-Spread Distributions 
Geometric Unsharpness 
Line-spread functions were calculated for disc sources having 
uniform emission rates. As explained in Chapter IV, the exact geomet-
rical arrangement of source, objecto and detector need not be known. 
Therefore, LSF's were calculated for values of geometric unsharpness 
ranging from 0.02 mm up to lf.0 mm. Conventional radiographic tech-
niques for thick biological specimens result in geometric imsharpnesses 
in the order of 0.1 um to 0.5 mm [52]. These are reasonable values for 
252 
fast-neutron radiography using Cf, but higher values are to be ex-
pected from the targets in conventional lk-M.eV generators. 
Geometrie unsharpness is determined by the response of the de-
tector to primary neutrons only. Neutrons that have been scattered 
lose their original directional identity and must be considered as 
Image-degrading noise. 
Spread in Standard-Man Tissue 
Line-spread functions were calculated for two thicknesses of 
252 
tissue of Standard man composition for neutrons from Cf and 1̂ -MeV 
252 
sources. For Cf neutrons, tissue thicknesses of 5.0 cm transmit 
26.0 percent of the primary neutrons, and thicknesses of 20.0 cm trans-
mit 1.6 percent. For l4-MeV neutrons, tissue thicknesses of 5.0 cm 
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transmit 6l percent of the primary neutrons, and thicknesses of 30»0 cm 
transmit 5*3 percent-• These ranges of tissue thicknesses were used for 
the LSF ealculations and define the approximate ranges for which each 
neutron source can be used for radiography. 
Figures 9 and 10 show the LSF's that were calculated for number-
fluence detection and for weighted energy-fluence detection. The LSF's 
for weighted energy fluence were normalized to 100 at a distance of 0.1 
mm perpendicular to the source line. The LSF's for the number fluence . 
are plotted in proper relation to the corresponding energy fluence 
curves«. Note that the Separation of the LSF curves is numerically equal 
to the average energy of the scattered neutrons at each distance from 
the primary beam. The beam hardening of the scattered neutrons is 
252 
evident for Cf. Figure 11 illustrates the result of the combination 
of geometric unsharpness of the primary neutrons with the effects due 
to scattered neutrons in the object on the line-spread function. 
Spread in Organic Scintillators 
Calculations of the line-spread functions were made for neutrons 
detected in organic-scintillator imaging deviees. Thicknesses of one, 
two, four? and eight cm were ex.am.ined for the spread caused by multiple 
detection of primary neutrons. An inherent unsharpness of 0.5 mm and 
no geometric unsharpness were assumed for these calculations. Figures 
252 
12 and 13 show the results of the calculations for lij—MeV and Cf 
neutrons. These figures illustrate the relative detector response due 
to the initial interaction of the primary neutron compared with the re-
sponse due to subsequent multiple detection. As might be expected^ 
252 
multiple detection is more significant for Cf neutrons and for the 
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Figure 10. Line-Spread Functions for 1^-MeV Neutrons 
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Figure 13. Line-Spread Functions for 1^-MeV Neutrons 
Scattered in Organic Scintillators 
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thicker scintillators. However, for both types of sources the response 
from multiply detected neutrons decreases rapidly with distance from 
the primary neutron direction. 
Because neutrons that are scattered in the biological specimen 
and subsequently enter the scintillator can also be detected (provided 
their energy is greater than 500 keV), a series of calculations was 
made to evaluate the relative importance of neutrons scattered by the 
object compared with primary neutrons that are multiply detected. 
Calculations were made for 5°0 and 20*0 cm of tissue with a 2.0-cm 
thick organic scintillator. Figures ik and 15 show the comparisons 
for both types of sources. In these figures, the bottom curves, taken 
from Figures 12 and 13;, provide comparisons of the response of the de-
tector from primary neutrons only. It is evident that multiple detec-
tion of primary neutrons is considerably less important than the detec-
tion of neutrons scattered in the object if the detector thickness is 
less than one mean free path. 
Modulation Transfer Functions 
Calculations from LSF's 
Figure l6 shows the series of modulation transfer functions 
corresponding to values of geometric unsharpness from 0.02 mm to 1+.0 
mm. As might be expected, the shape of these MTF's on a log-log plot 
is invariant, and the MTF for any value of U^ may be obtained by the 
proper shift of the frequency scale. 
Figure 17 shows the MTF's calculated from the line-spread func-
2^2 
tions (see Figure 9) f°r y 0f neutrons after scattering in tissue. Two 
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Figure 15. Line-Spread Functions for 1^-MeV Neutrons 
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representative values of unsharpness were specified for these calcula-
tions. It should be reealled that a value of unsharpness for the detec-
tion of primary neutrons must be defined in order for the MTF calcula-
tions to have any physical meaning. This follows from the concept of 
the MTF as a measure of image-forming capability of the primary neutrons. 
If neither geometric unsharpness nor inherent unsharpness were present, 
then the value of the line-spread function would be infinite at the 
point of penetration of the detector plane. Clearly, this is a eondi-
tion which is physically impossible. The MTF for ze.ro tissue thickness 
is included from Figure 16 for purposes of comparison. A similar series 
of MTF's is shown in Figure l8 for l̂ --MeV neutrons. 
Figures 19 and 20 show MTF's for the LSF's for californium-25'2 
and 1^-MeV neutrons for 2.0 cm of organic scintillator after the neutrons 
have been scattered by 0.0, 5.0, and 20.0 cm of stand.ard.-man tissue» 
No geometric. unsharpness was included in these calculations because with 
an imperfect imaging system, having an inherent unsharpness of 0.5 -mm, 
the inclusion of geometric unsharpness was not neeessary. 
Analysis of MTF's 
252 
Comparisons of Figures 17 and 19 for Cf neutrons and Figures 
18 and 20 for lU-MeV neutrons reveal several significant points. From 
the shape of the scintillator MTF's it is apparent that response is not 
identical to the energy-fluence MTF's. This can be attributed to the 
nonlinear scintillation response as a function of proton energy. 
It is apparent from the MTF's that resolving-power measurements 
alone will not accurately indicate the image-forming quality of fast-
neutron radiography Systems. The resolution, which is approximately 
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equal to the spatial frequency at 5.0 percent amplitude response, has 
about the same value regardless of the amplitude distortion at lower 
frequencies caused by scattered neutrons. The contrast reduction at 
lower frequencies will have a pronounced effect on the image-forming 
quality* . Under stati'stically-limited imäging conditions, such as can 
be anticipat'ed for fast-neutron radiography of living subjects where 
both exposure time and dose need to be minimized, the number of events 
that must be recorded to produce comparable Images is inversely propor-
tional to the Square of the contrast [89]. Stated in another manner, 
the product of inherent unsharpness and geometric unsharpness will de-
fine the reSolution of the System, but the definition which is defined 
as the clarity with which details are reproduced will be strongly in-
fluenced by the amount of amplitude distortion over the entire ränge of 
spatial frequencies. 
The accuracy of the MTF's was not affected appreciably by the 
Statistical nature of the Monte Carlo calculations because the number 
of neutron histories was adjusted for each problem so that the st&ncLard 
deviations of the data were kept below about five percent. A more sig-
nificant but undeterminable effect on accuracy was due to the uncer-
tainties in the neutron cross sections and the composition of biological 
tissues. Other limitations are due to the assumptions of detector re-
sponse proportional to number and energy fluences. 
In a real System the image-forming quality would be affected by 
other factors such as the type and form of collimation employed, the 
scatter from materials other than the object which Surround the detec-
tor, and the unsharpness due to image intensifiers, Videorecorders, etc. 
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These effects, although real, are removed from the scope of the present 
research because they cannot be generalized very well and should be 
examined for each specific system under consideration. 
Synthetic and Experimental Radiographs 
Angular Distributions of Scattering 
Monte Carlo analyses of the differential fluence as a function of 
252 
scattering angle were made for Cf and l̂ --MeV neutrons incident on 
Plexiglas of thicknesses of 5.0 cm and 20.0 cm. Figures 21 and 22 show 
calculations of the cumulative distribution functions as a function of 
scattering angle of the number and energy fluence of scattered neutrons 
for Plexiglas spheres of 5.0 and 20.0 cm diameter. For comparison, the 
dotted lines indicate the shape of the cumulative distribution functions 
for scattering that is isotropic in the laboratory System with one half 
252 
the scattering at angles less than 90 degrees. Both Cf and l4--MeV 
neutrons are scattered predominantly in the forward direction. Approxi-
mately 90 percent of the scattered fluence, both number and energy, for 
252 
l4-MeV neutrons is scattered in the forward direction. For a Cf 
source a shift toward isotropicity is seen with the increase in thick-
ness from 5.0 cm to 20.0 cm. For 5.0 cm of Plexiglas, about 90 percent 
of the number and energy fluence is scattered in the forward direction. 
Approximately 73 percent of the fluence is scattered forward from 20-cm 
thick Plexiglas. 
These results indicate that, for a lU-MeV source, little improve-
ment in image-quality would be realized by Separation of the detector 
252 
from the object. With Cf, some improvement might result' from' this 
Separation for the radiography of thick tissues. 
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After calculating the neutron penetration of the Plexiglas objecto 
it is then necessary to know the probable energy deposition in the 
Photographie emulsion for each neutron. It is this energy deposition 
that results in the transformation of the beam image into the visible 
image. As discussed in Chapter IV, section Synthetic Radiographs, 
energy is deposited in the Photographie emulsion by protons that are 
ejeeted from a thin sheet of Plexiglas that is located adjacent to the 
Photographie emulsion. If the Plexiglas is assumed to be thin, i.e. 
much less than one mean free path, then the interaction probability per 
neutron is uniform at any depth and is proportional to the hydrogen 
elastic scattering cross section a . After an interaction depth is 
selected from a uniform distribution, the angle and energy of proton 
reeoil must be selected. Elastic scattering of neutrons by hydrogen is 
essentially isotropic in the center-of-mass System for energies less 
than 1̂4 MeV. It can be shown that the relation between the proton angle 
of scattering 6 in the laboratory System is related to the center-of-
mass scattering angle <P by the relation 
=t* (5.D 
Because the probability of scattering around ̂  is 
, \ / 2 TT rzsin \p dp s)n u> d<p 
-fM<*P = ^ 7 * = Y^ (5-2) 
(e)de - -sinZßcLe = ± d(cos zß) 
(5-3) 
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I n t e g r a t i o n gives the p r o b a b i l i t y of p ro ton s c a t t e r i n g between angle 
9X and 62 as 
f6' 
p =. I j - d(cos 29) - j.{C0J z9l - cos 29 
(5A) 
After a scattering angle 6 is selected from the probability density 
function P(0), the energy E may be calculated from 
E = E cos29 (5.5) 
p n 
After the interaction depth and angle and energy of proton recoil 
are known, the next step is to determine if the proton can escape the 
radiator and deposit energy in the emulsion. For protons in Plexiglas 
the ränge data reported in the literature are inconsistent and ineom-
plete. Therefore^ calculations for the ränge Rx were made from the 
relation [ 86] 
W W W 
R = R- + R- + R" (5.6) 
Rl F R R0 
where W. are the weight fractions of H, C, and 0. Figure 23 shows a 
plot of the points calculated using Equation 5.6. The solid line in 
Figure 23 was calculated from Equation 5*7 which was empirically derived 
to give the best fit to the plotted points. 
Rx = O.OOI87 [E + O . l l ]
1 ' 7 7 5 (5-7) 
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Figure 23. Ranges of Protons in Plexiglas and in 
Photographic Emulsion 
9h 
This equation fits the points within ± 3 percent over the ränge of pro-
ton energies of 0.1 MeV to lU MeV. If the ränge of protons in the 
Plexiglas radiator is sufficient to permit escape and subsequent pene-
tration of the emulsion, the escape energy may be found from insertion 
of the residual ränge into the inverse of Equation 5 »7 
E = sk.h Ri0*563^ - 0.11 (5-8) 
Data of Barkas [ 87] were used for the ränge-energy relation for 
protons in a "standard emulsion" of density 3'8l5 g/cm3. These data 
points are also shown in Figure 23. A similar empirical relation 
Ra = 0.00126 [E + 0 . 1 0 ] 1 5 (5 .9) 
was fitted to these points with a precision of ± h percent over the 
ränge of 0.1 MeV to ik MeV. From these data, the energy deposition for 
a proton of a given energy and entrance angle was calculated. If the 
path length in the emulsion was greater than the ränge R , then the 
exit energy calculated from the inverse of Equation 5*9 
E = 58.0 E S°-
6 0 8 0 - 0.10 (5.10) 
v 
was subtracted from the entrance energy to obtain the energy deposited 
in the emulsion. 
In order to make the analysis efficient, the probability density 
functions of energy depositions for a given incident neutron were 
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calculated on a PDP-8/l Computer, and this Information was supplied to 
the Univac-1108 analysis code in the form of cumulative distribution 
functions. Probability density functions of energy deposition in the 
emulsion were obtained for neutron energies of 2.0 to ik MeV in steps 
of one MeV and for scattering angles from zero to 90 degrees in five-
degree increments and for interaction thicknesses of 0.0025 cm to 0.22 
cm in increments of 0.005 cm. Six representative probability density 
functions are shown in Figure 2k. The corresponding cumulative distri-
bution functions were then used for the Univac-1108 analysis of neutron 
histories. 
In this manner, an estimate was made by Monte Carlo calculations 
of the weighted energy fluence of neutrons impinging on the detector. 
Then an estimate was made of the proton energy deposition density in 
the emulsion as a function of perpendicular distance from the center-
line of the image. This array of numbers forming the energy-density 
trace was converted to punched paper tape and inserted into the PDP-8/l 
Computer. The data were smoothed by an averaging procedure and scaled 
to an integer array whose elements had values from zero to an arbitrary 
maximum number N. A series of exposures with various values for N 
indicated that N = 25 was the best choice. Another series of exposures 
demonstrated that the best averaging procedure combined the three points 
on either side of each data point to produce a smoothed energy-density 
function. An oscilloscope display then was used to obtain a Photographie 
image of the Plexiglas phantom. The Y-deflection voltage was increased 
in 1000 equal steps, while at each Y position, the sweep was triggered 
the number of times between zero and N proportional to the value of 
the emulsion energy-density trace. 
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Each Plexiglas block contained an axial hole 1.9 cm in diameter. 
Using a total attenuation coefficient for 14-MeV neutrons in Plexiglas 
of 0.119 cm j *the maximum ideal object contrast C was calciilated to 
be 0.11. The Computer code separated the emulsion response to primary 
neutrons from the response to scattered neutrons and printed out this 
Information in addition to the total response. In this manner, an 
estimate could be made of the degradation in the image quality by scat-
tered neutrons. Contrast calculations were made using the relative 
exposure values that were obtained from the corresponding optical den-
sities on the characteristic curves. Figure 25 shows the data for 
NS-5^T film. A close correlation exists in the data for film exposures 
to fast neutrons [53] and the data for film exposures to light produced 
by the oscilloscope display. The results were normalized at an optical 
density of 2.0 (the upper limit of density that is useful in medical 
radiography) and at 0.375 (the density corresponding to no exposure to 
fast neutrons). 
The contrast values are summarized in Table 5» Synthetic radio-
252 
graphs for a Cf source were included for comparison. The synthetic 
radiographs showed obvious Statistical fluctuations, even though each 
calculation included the histories of 400,000 neutrons. The radio-
graphic contrast for the primary neutrons was close to the theoretical 
value of the object contrast of 0.11. The image degradation of the 
synthetic radiographs was apparent when the response estimates of scat-
tered neutrons were included, but the inclusion of this factor alone 
did not result in contrasts as low as was observed experimentally. 
The descrepancy could have resulted from the degradation of the image 
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Figure 25. Characteristic Curves for NS-5̂ -T Film 
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lk-UeV 5 0 0.0^00 0.091 0.112 
5 50 0.0315 0.057 0.088 
15 0 0.02̂ +3 O.O96 0.108 
15 50 0.101 0.116 
£52Cf 5 0 0.110 0.1^6 
15 0 0.112 0.17U 
"by the film response to gamma rays from the capture of the neutrons "by 
hydrogen. This factor was not included in the synthetic radiographs. 
The difference also could have "been due partly to inaccuracies in the 
assumptions inherent in the mathematical model of the enrulsion response 
function. It should he emphasized that the enhanced contrast in the 
synthetic radiographs was not a result of inaccuracies in the calcula-
tions of the fluences of primary and scattered neutrons penetrating the 
object. Figure 26 shows density plots for an experimental radiograph 
for 5'0-cm thick Plexiglas compared with the corresponding density 
252 
plots for synthetic radiographs for Cf and ik-MeV neutrons. 
Dosimetry Calculations 
Figure 27 presents broad-beam, centerline, depth-dose calcula-
tions for phantoms containing H_, C, N, and 0 in the proportions of 
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Figure 26. Comparison of Experimental and Synthetic Radiographs 
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This Work, Snyder [83] 
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Snyder's data [83] are plotted for comparison with data obtained with 
the calculational model developed for the current research. The effi-
ciency and rigor with which inelastic interactions are treated in the 
author's work permitted the examination of large numbers of neutrons 
for each problem as well as the examination of heterogeneous phantoms. 
Snyder's data include estimates of the dose from (n<,cO reactions and 
gamma-ray interactions, but the inclusion of these factors in the cur-
rent research would have required a sacrifice in the precision of the 
dose estimates as well as a reduction in the number and variety of 
different Systems studied due to eonsiderations of Computer economics. 
It is evident from Figure 27 that a simple correction could be made if 
252 
the higher dose estimate were thought to be more accurate. The Cf 
data and the 2.5-MeV data are only qualitatively comparable due to the 
252 
continuous energy distribution of the Cf neutrons. 
Homogeneous Tissue 
Two broad-beam studies and six narrow-beam studies were com-
pleted. These are described in Table 6 which also gives the correspond-
ing figure numbers. Galculations for l4-MeV neutrons at 125 cm- SSD 
were made for the purpose of comparison with the experimental measure-
ments of Brennan [88]. These data were obtained with a 1^-MeV generator 
at the Lawrence Radiation Laboratory. The theoretical and experimental 
curves are in close agreement with the minor differences being attribut-
able to a higher experimental source energy of the LRL generator (15 
MeV average energy). 
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Table 6. Computed. Doses in Elliptical,, Homogeneous Phantoms 
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Figure 28. Isodose Contours for Cf Neutrons for 50-cm Source-to-Skin Distance o 
and 5.0-cm Field Diameter 
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Figure 29. Isodose Contours for Cf Neutrons for 100-cm Source-to-Skin Distance 
and 10-cm Field Diameter 
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Figure 30. Isodose Contours for Cf Neutrons for Broad-Beam Geometry o 
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Figure 31. Isodose Contours for 1^-MeV Neutrons for 50-cm Source-to-Skin Distance 
and 5.0-cm Field Diameter 
I ' I I I I i » I I I I I I I 
1k 12 10 8 6 k 2 0 2 k 6 8 10 12 14 
Lateral Displacement (cm) 
Figure 32. Isodose Contours for 1^-MeV Neutrons for 125-cm Source-to-Skin Distance 
and 5.0-cm Field Diameter 
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Figure 33. Isodose Contours for l4-MeV Neutrons for 100-cm Source-to-Skin Distance 
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Figure 35. Isodose Contours for 14-MeV Neutrons for Broad-Beam Geometry H 
H 
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The basic mechanisms of energy loss are of importance if the 
dosimetry is to be related to biological damage. The types of inter-
actions and their relative frequency and dosimetric significance are 
shown in Table 7. It is evident that, although hydrogen accounts for 
only 10 percent of the mass of most biological tissues, neutron inter-
actions with hydrogen are more probable than any other interaction. 
As a consequence, most biological damage will be caused by recoil 
protons. Oxygen recoils account for about 25 percent of the dose for 
1̂ -MeV neutrons. These results were calculated for a 20-cm thick slab 
of Standard man tissue. 
Heterogeneous Tissue 
Broad-beam isodose analyses were made for a human ehest phantom 
containing muscle, heart, bone, and lung tissues with the geometry de-
252 
termined from a realistic model [85]. Histories for 130,000 Cf 
neutrons and histories for 1̂ 4-0,000 1^-MeV neutrons were calculated. The 
average dose was computed for each type of tissue in the several regions, 
and these results are presented in Table 8. No values are shown for 
muscle because the dose ranged from maximum at the front surface to 
minimum at portions of the exit surface, and an average would be of 
little interest» This Information is presented in Figures 36 and 37, 
which show the isodose contours in the heterogeneous phantoms. Note 
the asymmetry caused by the heart tissue in the presence of the less-
dense lung tissue. 
The significance of these calculations is that they illustrate 
the need for aecurate adjustments of the treatment plans for fast-
neutron therapy when the beams are to penetrate low-density tissue or 
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Table 7«» Neutron Energy Loss in Standard Man Tissue 
Total {%) H c N 0 
Atomic Composition 100 63.3 9.5 1.3 25. 8 
1*4- MeV Interactions (%) 
Elastic 95 72 6 0.9 17 




72 68 1 0.1 3 
Avg, 
1.3 





99-9 81 5 0.8 ik 




98 90 3 0.3 6 
Avg. 
0.2k 
Inelastic 2 -- 0.6 0.2 0. 8 6.9 
Table 8. Average Doses in Heterogeneous Tissues 
Tissue Californium-252 1k-•MeV 
Description Av g. % Max. Std . De^ Avg. % Max. Std . Dev. 
Heart 56 ± 0.8 81 + 2.0 
Left Lung k5 + 1.1 7k + 2.5 
Right Lung 57 ± 1.6 82 + 2.3 
Sternum 61 + 1.8 62 + 2.0 
Vertebra 12 + 0.8 31 + 1.3 
Spinal Cord 15 + 1.3 k6 + 3.U 
Left Ribs 26 + 1.8 kl + 2.2 
Right Ribs 25 + 0.8 






Note: Maximum Doses: 2 5 2Cf. . 
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Figure 36. Isodose Contours for Cf Neutrons for Broad-Beam Geometry in a 
Heterogeneous Phantom 
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air. Figure 38 shows the difference in the depth dose for homogeneous 
elliptical phantoms and the heterogeneous model where the path in the 
heterogeneous model is parallel to the centerline but displaced to the 
right by 6.0 cm thus penetrating the right lung. 
Dose Limitations 
The doses that would be required for radiography will depend on 
the type of source^ the thickness of tissue, the attenuation properties 
of the inclusions of interest and the surrounding tissue, and the ac-
ceptable radiographic quality. Estimates of the doses that might be 
required can be made from eonsiderations of the number of events of 
equal importance that must be detected per unit area in order to distin-
guish this area from an adjacent area of equal size. It can be shown 
[ 30] that under low contrast conditions the relation between the number 
of detections N, and the contrast C is 
d 
k2 
N, = — 0 (5-11) 
d 2C 
k may be interpreted as the threshold signal-to-noise ratio of a human 
eye [52] having a value between 2.0 to 5*0 depending on the type of 
imaging System. Clinically useful Information can be attained if the 
resolution element in the image is one or two mm [ 89]• For example, if 
a scintillation-type imaging device is employed that has an inherent 
resolution of 1.0 mm and a k2 of 20, then the surface dose in rads for 
1^-MeV neutrons may be estimated from 
7.0 X 10"s (SSD + X) 2 exp(-X/lO) 
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Figure 38. Depth Dose in Homogeneous and Heterogeneous Tissue 
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where e is the detector efficieney, C is the object contrast, X is 
the overall tissue thickness, and SSD is the source-to-surface distance. 
Equation 5«12 is based on the assumption of 7*0 X 10 9 rads per unit 
fluence. 
Figure 39 shows calculations of the dose as a function of tissue 
thickness for unilateral radiography with detector efficiencies cf 
e = 0.1 or 0.01 and for object contrasts of C = 0.1 or 0.01. These 
doses must be considered as minimum estimates if C is the object con-
trast because the image contrast will be smaller than the object contrast. 
Geometrie reduetion in the fluence must always be included in calcula-
tions for particular Systems as an increase in the dose by the factor 
(SSD + X)2/SSD2. Similar dose estimates for Cf radiography have 
been reported by Parks [ 30]. Dosimetry will probably not be a severely 
limiting factor for biological radiography for either type of source. 
A more limiting restriction will probably be the source intensity. 
In order to minimize motion unsharpness in the radiography of living 
subjects, the duration of the exposure must be limited to a few seconds, 
particularly for ehest radiographs. Equation 5*13 gives the required 
source intensity S in neutrons per second 
S - 109 (SSD)2 bD/t (5-13) 
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where b is a constant equal to 3*1 for Cf neutrons or b = 1.8 for 
lL|.-MeV neutrons, D is the dose in rads that must be delivered to the 
surface of the tissue to obtain an adequate radiograph, and t is the 
exposure time in seconds. If the radiograph requires 10 rads at 100 cm 
13 SSD and t is limited to 10 seconds, then a source intensity of 10 X b 
119 
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Figure 39. Dose Estimates for Unilateral Radiography 
with Ü—MeV Neutrons 
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would "be required. This intensity could not he met with the presently 
availahle sources. As an illustration, for a l4-MeV source of 10 
n/sec intensity at an SSD of 100 cm, the exposure time required for 
radiographs with the System described in the preceding paragraph is 
plotted as the ordinate on the right of Figure 37» Source intensity 
is also a limiting factor for neutron therapy 31 where the minimum 
12 
intensity required is about 5 x 10 n/sec. 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATION 
Conclusions 
The purpose of this research was: l) to examine the image-forming 
quality that could be achieved with fast-neutron radiography of biologi-
cal objects and 2) to examine the dosimetric properties of external 
fast-neutron beams. 
It is concluded that the most suitable neutron sources are the 
fission of californium-252 and lU-MeV neutrons from the D-T reaction in 
an accelerator. Fast-neutron radiography may be practically applied to 
the examination of thick biological tissues containing air inclusions 
252 
overlaid with bone. The bone will cause little interference in Cf 
radiography, but the attenuation in tissue is a limiting factor for 
this source. Bone will have a positive contrast in muscle for 1^-MeV 
neutrons, but the bone interference will be less than for radiography 
with photons at energies below 2.0 MeV. 
For the radiography of living objects, the imaging System 2ould 
be a scintillation type having a detection efficiency in the order of 
approximately 10 to 20 percent. 
It is further concluded that the detection of neutrons that have 
been scattered in the object will cause little change in the overall 
resolution of the System, but these scattered neutrons will severely 
affect the clarity with which the images are formed. This effect will 
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be most significant for Cf neutrons and thick objects. This conclu-
sion is in disagreement with the Interpretation of the source of image 
degradation in fast-neutron radiographs reported in the literature. 
Other authors have assumed that the poor image quality that has been 
observed in experimental radiographs is due to the decreased resolution 
of the System. Due to forward scattering of fast neutrons, little if 
any improvement in image quality can be expected from the Separation of 
the imaging device from the back surface of the object. 
It is concluded that the techniques that have been developed and 
applied in this research for the theoretical examination of image-forming 
quality are accurate and informative. These techniques can be applied 
more generally to the broader applications of fast-neutron radiography 
such as the examination of non-biological media. 
Dosimetry considerations will be important, particularTy if wide 
fields and R.B.E. values of 2.0 or greater are required. However, with 
the development of an efficient imaging System, the maximum doses can 
be kept below a few rads for most useful applications. Calculations of 
the depth-dose patterns in homogeneous tissue for narrow-beam geonetries 
are in agreement with experimental measurements• It is concluded that 
the mathematical techniques that have been employed for the dosimetry 
calculations are useful and accurate. It should be pointed out that 
theoretical dose calculations using these techniques can be applied 
effectively to specific geometries that are anticipated for neutron 
therapy. However, it is important to note that the dose patterns In 
heterogeneous tissues indicate that depth dose based on the homogeneous 
approximation can be in serious error. 
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Re c ommendat i ons 
It is recommended that the emphasis in fast-neutron radiography 
research for biological applications "be shifted to the development of 
efficient and accurate imaging devices. In particular, the need is Seen 
for the development of electronic "background suppression which can "be 
used in conjunction with scintillation detection and a storage-type 
imaging System. 
A series of experimental transmission studies should "be initia-
ted to clarify hone composition and the neutron penetration of "bone. 
Theoretical dosimetry calculations should "be made for heterogen-
eous phantoms for the particular situations for which neutron therapy is 
thought to be potentially useful. The results of Monte Carlo calcula-
tions for dosimetry can "be very useful, "but the calculations themselves 
cannot he made routinely. Therefore, an investigation should he initia-
ted to develop approximate calculations, possihly hased on an empirical 
model, that could he used to estimate dose patterns without the need for 
difficult and/or inaccurate experimental measurements or large numbers 
of complicated Computer calculations. The techniques developed in this 
research would he particularly useful in testing these empirical modeis. 
It is finally recommended that a program he initiated to examine 
the image-forming quality of thermal-neutron radiography Systems. The 
approach should involve hoth theoretical calculations, similar to those 
employed in this research, and experimental measurements of modulation 
transfer functions. With suitahle modifications of the Computer codes 
developed during this research, thermal-neutron dosimetry calculations 





DESCRIPTION OF BIOLOGICAL MEDIA 
Two types of phantoms are used in this research: l) homogeneous 
Phantoms contalning only Standard man composition tissue, and 2) hetero-
geneous phantoms contalning musele_j lung, and bone tissues. Table 9 
gives the composition of these tissues. Figure 40 shows the relative 
importance of each element for neutron interactions in terms of the 
macroscopic total cross sections times the relative abundance in bone 
tissue assumed to be 50 percent cortex and 50 percent marrow as a func-
tion of neutron energy. The figures for lung tissue and muscle tissue 
are not included because the relative fractions of H, C, N, and 0 are 
nearly the same as for Standard man tissue. The values for lung may 
be obtained from Figure 41 for Standard man tissue by multiplying each 
point by the average density of 0.32 gm/cm . Figures 42, 43., and 44 
are further reductions of the data for Standard man tissue to illusträte 
the shape and relative importance of elastic, nonelastic, and inelastic 
interactions. Nonelastic interactions are defined as any type of neu-
tron interaction except elastic scattering. All of these data are taken 
from the 05R cross section library [ 90]. 
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Table 9« Atomic Compositions of Biological Tissues 
Tissue Density Element Percent by Weight  
g/cm3 H C N 0 P Ca 
Standard-Mana 1.0 10.0 18.0 3-0 65.0 
Muscleb 1.0 10.2 12.3 3-0 72.9 
Lung° 0.32 10.2 12.3 3-5 72.9 
Boned 1.1+2 7-6 16.7 3-7 52.2 6.8 1I+.8 
NBS Handbook 63 [76] 
bJohns [ 91] 
c Ter-Pogossian [ 52] 
tfrown [92] and Barton [93] (50 percen t co r t ex . 50 percent 
marrow) 
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Figure h-2. Probat» ility of Elastic 'Neutron Interactions in 
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DERIVATION OF THE KINETIC ENERGY OF INELASTICALLY 
SCATTERED NEUTRONS 
A complete description of elastic scattering is easily obtained 
from the application of the principles of conservation of energy and 
momentum, and the relations between the various parameters in the lab-
oratdry and center-of-mass reference Systems are found in many texts. 
While the same conservation principles apply to inelastic scattering, 
the derivation of useful equations is complicated by the nonconserva-
tion of kinetic energy in the System. The following derivation is given 
for the convenience of other researchers. 
Basic Equations and Notation for the Lab System 
Before Collision 
kinetic energy E1 kinetic energy 








kinetic energy E3 l 
mas s M3 
velocity V3 
kinetic energy E4 
mass M4 
velocity V4 




E2 = E3 + E4 + E (1) 
x - d i r e c t i o n 
VSMjE/ = V 2 M aE 3 cosG + ^J~2M^E~^ cos f 
y - d i r e c t i o n 
0 = V2M3E3 ' s in6 - V
2 H t E 4 ' s i n </? 
(2) 
(3) 
Basic Equations and Notation for the Center-of-Mass System 
Before Collision 
kinetic energy E{ kinetic energy 
V- A 
mass Mx O >• •—*• -*— ( ) mass 





kinetic energy E 3 





kinetic energy E 4 
mas s M 4 
-*-<| velocity V 4 
excitation energy E 
Energy Balance 
Momentum Balance 
Ei" + Es' - Ea' + E4 + E 
V2M1E1
/ ' = V^MgEg 














Figure k^. Relation Between the Laboratory and Center-of-Mass 
Systems (after collision) 
Add Equations 2 and 3 after squaring: 
2M1E1 + 2M3E3 - U^MiEiMaEa' cos6 = 2M4E4 
o r 
F Ei Mi E3M3 2VMXEXM3E3
1 cos6 
4 M4 M4 M4 
Substitute Equation 8 in Equation 1: 
E = E _ E* . M l „ M L + g V M i E ! ^ ^ ' cos9 3 " l M4 Mj, M4 
From F i g u r e h^> 








1 GOSQ = V2MaE3" ' c o s $ + MgV ( l l ) 
Substitute Equation 11 for cosö into Equation 9 
% (*£k) = Ex ( ^ ) - E* + » - j > ^ cos. + ^Ve] (12) 
An expression for E3 may be derived in terms of known parameters. Sub-
stitute E4 from Equation 6 into Equation k 
^ ( ^ ) , Ex + E* - E* (13) 
But 
Ei + Ea' = 4M!(Vx'-Vc)
a + ÜbV* 
= *M1V1
2+ ^ ( M x + M s ) - MxViVc ( l*0 
and because 
v a ,
Mivi s = V^Jy 
c (Mi+Mg) (Mi+Nfe) 
it follows that 
* ' + * ' = & ( 1 5 ) 
Substitute Equation 15 into Equation 1^ 
*' • Gödfeftfr - E1 ^ 
Substitute Equation l6 into Equation 13 
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E3 ^ ) . El (^L) . E* + 
_2_ r/MgHtM.E, [JAlZlM^ir c o s $ + Wi 
M4 LV (^+M4)(M!+]^) (Mx+Mb) 
or 
E, = E, M ^ - T ^ K + (17) '3 " * VMQ+M^/ " (M3+M4) 
2 f feLM1jfa&, [EiMa-E (M1+Ma)] ^ E , " 
(M3+MJ LV (H3+M4)(M1+MS)
 C ü b * (M1+M2)J 
Equation 17 i s the genera l r e l a t i o n for the k i n e t i c energy. of any 
r e a c t i o n product of an i n e l a s t i c i n t e r a c t i o n where t he n o n r e l a t i v i s t i c 
approximation i s v a l i d . For i n e l a s t i c s c a t t e r i n g of neu t rons , Equation 
17 reduces t o 
ET L , E A 2 f /AEBJA-E (A+l)] * , -,11 1,01 
Ea = ifiiy L4'1 - x" W r Iv El—
 09S*+ vJ (l8) 
where A i s t he mass number of t he t a r g e t nuc l eus . The gene ra l non-
r e l a t i v i s t i c express ion for the angle of emission of p a r t i c l e t h r e e in 
the lab System may be der ived from Equations 11 and l 6 , and i t i s 
Q /MjExMa-E^Mx+Ma)] , , M3 / M 7 E 7 / n o > 
cose = V \\(]^)K+tv
 cos* + I M ^ T V ^ (19) 
For the case of inelastic scattering of neutrons, Equation 19 reduces to 
cos§ / A [ E 1 A - E ^ ( A + 1 ) ] 1 /ET , 0 . V 
cose = TÄTiyV ^ +W±)^t3 <
2°) 
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If the center-of-mass energy of the scattered neutron E3' is 
selected from the appropriate probability density function, the excita-
tion energy E may be calculated from Equation 4 because 




and E4 = -f-
Therefore, E* = ^ ^ (E^ - E3) (21) 
Then if the center-of-mass scattering angle § is selected from its 
probability density function, the energy E3 and angle 9 of the scattered 
neutron in the laboratory System may be obtained from Equations 18 and 
20, respectively. Alternately, cos6 may be calculated from the less 
cumbersome expression 
-^ +IÄTITVI" (22) 
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APPENDIX C 
DERIVATION OF DIRECTION COSINES IN THE LABORATORY SYSTEM 
FOR INELASTICALLY SCATTERED NEUTRONS 
The neutron transport code O^R keeps track of the direction of 
travel of each neutron by carrying in a data file the three direction 
cosines in the laboratory System of Cartesian coordinates. Inelastic 
scattering is assumed to be isotropic in the center-of-mass System, and 
a transformation must be made from the: original laboratory: direction 
cosines to the corresponding center-of-mass direction cosines. A 
scattering angle is then selected and the proper laboratory. direction 
cosines are calculated. 
These transformations involve a rotation about two coordinate 
axes as follows. Consider a unit vector defined by direction cosines 
(x9y,z). This vector, which corresponds to the original direction of 
the neutron, is defined in the center-of-mass System by the direction 
cosines (x ,y',z'). Because vectors are fixed in their phase space 
independently of the reference coordinate System 
s\ s\ /\ /\ <\ /\ 
xi + yj + zk = x 'l' + y 'j ' + z 'k' (l) 
Or any vector A may be defined by the expression 
Ä = (Ä-i) i + (Ä.j) j + (Ä.k) k (2) 
•\ / \ /\ 
Let A = i , j , k . Then 
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i ' = ( i ' . i ) i + ( i ' . j ) j + ( i ' - k ) k 
/\ /s /\ 
= L n i + L 1 S j + L 1 3 k 
A / \ A v\ *\ A A A A A 
j ' = ( j ' - i ) i + ( j '• j ) j + ( j ' .k) k 
A y\ / \ 
= L 2 1 : . i ; + L 2 S j '•+ L 2 3 k 
A A A / \ A A A A A A 
k ' = ( k ' . i ) i + ( k ' . j ) j + ( k ' . k ) k 
A A A 
= L3 ]_ i + L3 2 J + L3 3 k 
(3) 
where L are the cosines of the angles between vectors m in the 
im ° 
prime System and n in the reference System. Substituting (3) into 
A A A 
(l) and equating coefficients of i ' , j , and k' yields 
x = LX1 x + L 2 1 y + L 3 1 z 
y = L 1 3 x" + L 2 3 y ' + L 3 2 z 
z = L 1 3 x ' + L 2 3 y ' + L 3 3 z 
W 
Or in matrix notation 
11 L21 L31 
Li2 L22 L32 
Li 3 ^23 L33 
X X 
• y = y 
z z 
(5) 
In the current research the Convention that is adopted is shown 
in Figure k6. The positive z' axis in the center-of-mass System is 
defined by the original neutron direction, and the x axis is defined 
to be in the z—z plane by a positive rotation about the z axis by the 
li+O 
angle $ followed by a positive rotation by the angle 9 about the y' 
axis. The cosines relating the lab and center-of-mass coordinate Sys-
tems are 
L n = cos.6 cos§ = L33 cos$ = L33 L22 (6) 
L21 = -sin§ = -L32 / R 
L31 = sinÖ cos $ = L31 
L12 = cosö sin$ = L33 sin§ = L33 L 3 2 / R 
L22 = cos$ = L31 / R 
L32 = sinö sin$ = L32 
L13 = -sinG = -R 
L23 = 0 = 0 
L33 = cosQ = L33 
where R = y |l - L332 | = sin9. 
A new direction is chosen for the neutron by selection of: l) a random 
asmuthal angle \|r which is distributed uniformly on the interval (0,2TT), 
and 2) a random polar angle a. whose cosine is uniformly distributed on 
the interval (-1,1)(see Figure hl). Then the direction of the scattered 
neutron in the center-of-mass System is x ,y , z where 
x ' - s i n a COS\|J (7) 
y = s i n a sin\|i 
z = cosa 
iia 
Conversion of this unit vector back to the lab System follows from the 
Substitution of Equations 7 into Equations ̂4 
x = L33 L22 x - Lss y + L31 z 
y = L33 L32 x' / R + L31 y' / R + L33 z 
z = -L33 x + L33 z 
(8) 
z 
Figure k6. Coordinate System for Neutron Scattering 
xf,y',z' 
y' 
Figure kj. Coordinate System for Neutron Scattering 
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APPENDIX D 
EQUATIONS FOR THE MATHEMATICAL DESCRIPTION OF HUMAN CHEST 
CROSS SECTION 
The mathematical description of the ehest model requires 18 
equations of lines in the X-Y plane. The general form of these equa-
tions is 
CiX 2 - C s y
2 + C 3 xy + C4x + C 5 y + C6 = 0 
Because many of the lines intersect, only part of the locus of each 
equation may be required for the definition. Table 10 gives the Param-
eters C. for each of the 18 lines (see Figures 36 and 37)-
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